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ABSTRACT

rThe Institute for Structural Mechanics of the German Aerospace

Research Establishment (DFVLR) has conducted a research program

aimed at the characterization of the fracture behavior of carbon-
fiber-reinforced epoxy resins. The research effort encompassed a

comprehensive experimental and analytical investigation of the

response of test specimens under a broad range of material, load-

ing and environmental parameters. By combining an evaluation of
global laminate properties with an investigation of micro- and

macroscopic modes of failure, the understanding of the fracture

and fatigue behavior of carbonfiber-reinforced composites was

enhanced. It is expected that the results of the research program
and their representation in the form of tables, figures, graphs

and mans will assist the design engineer and lead to improved

engineering concepts. VCy ut~ \'r&mo.4

STUDY MANAGEMENT

The research program involved a wide range of different disci-

plines and required the definition and coordination of a large

number of subtasks. Dr. H.W. Bergmann, director of the DFVLR

Institute for Structural Mechanics, served as Program Manager for

the entire duration of the program from January 1982 to December

1984 and compiled and edited the final report.
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9. RESPONSE OF MECHANICALLY FATIGUED NOTCHED SPECIMENS

9.1 Summary

In fiber-reinforced laminates containing notches or holes the

formation of cracks and their subsequent progression are caused

by stress concentrations in the vicinity of the discontinuities.

The residual strength and stiffness of such laminates under

cyclic loading was the primary aim of this investigation. In a

preparatory study the nature of damage progression in on-axis

unidirectional test specimens with two symmetrical edge notches

under increasing numbers of load cycles with R = 0.1 was deter-

mined. The majority of the test effort was conducted with

multidirectional laminates containing unloaded circular holes at

the center of the test section. Matrix cracks and delaminations

in and between adjacent plies of the laminates were observed and

monitored by contrast-enhanced radiography. The strength and

stiffness measurements after prescribed numbers of load cycles

with R = 0.1 showed that the global stiffness of the test speci-

mens diminished whereas the residual static strength continued to

increase until shortly before failure. The strength increase is

attributed to the relief of local stress concentrations due to

the crack formation and progression in the plies of the laminate

around the hole. A more detailed representation of the investi-

gation of laminates containing circular holes is given in

Appendix F "Fatigue Response of Notched Graphite-Epoxy Lami-

nates".

9.2 Test Program

The unidirectional [0]8-laminates were made of T300/914C materi-

al. Two 5 mm deep notches were introduced by diamond saw cuts at

the edges of the 50 mm wide and 380 mm long test specimens. For the

multidirectional laminates T300/5208 material was used. The test

specimens were 36 mm wide, 240 mm long and contained drilled cir-

cular holes of 19 mm diameter. Three different stacking orders,

namely [+45,90,-45,01., [+45,-45,0,90]s and [0,90,+45,-451,1

were investigated.
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The fatigue tests were performed in servo-hydraulic test machines

at a stress ratio of R = 0.1 and with different stress amplitudes
and frequencies ranging from 1-10 Hz. For the unidirectional

notched specimens the crack initiation, the crack length and the
global stiffness were recorded as functions of load cycles. In
the case of the multidirectional test specimens the global stiff-
ness and the residual tensile strength were registered after
prescribed numbers of load cycles. Most of the specimens were
tested to failure in order to obtain life over load level curves.
The tests were supported by radiographic and fringe pattern eval-
uations after different loading intervals.

9.3 Unidirectional Laminate with Notches

The tests aimed to establish the number of load cycles at which
the first hairline cracks at the notch tip could be observed, and
to relate the length of the subsequently developing matrix crack
to the increasing numbers of load cycles. The crack lengths were
measured by following the moving crack front with the cross-hairs
of a microscope. The results of this study, performed fr. stress

2 2amplitudes from o =100 N/mm2 to 00=160 N/mm2 , are summarized in
Fig. 9.1. The shown crack lengths are sums of the lengths of the
two cracks emanating from one of the notch tips. For test tech-

nique-related reasons the specimens were cycled with f=l Hz up to
1000 load cycles, and with f=6 Hz thereafter. It is apparent from
Fig. 9.1 that most of the crack-length curves exhibit a kink at
1000 load cycles indicating that the crack progression may be
frequency-dependent. It is also noteworthy that for a0>120 N/mm2

the crack initiation occurs already during the initial load
cycle. In comparison, in static tests with extremely low loading
rates, cracks were not observed for o <160 N/mm2 . The conclusion

is warranted that crack initiation and progression during cyclic
loading may depend on the frequency as well as on the loading rate
and on the absolute duration of the test.

Some of the curves in Fig. 9.1 exhibit on occasional horizontal
response which is indicative of misaligned fibers acting as tem-

porary crack stoppers.
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Fig. 9.2 displays curves of equal crack length as functions of

load cycles for different 0 . In logarithmic representation they

tend to be linear for load cycles larger than 10
2 .

9.4 Multidirectional Laminates with Central Holes

The knowledge of the fatigue response of notched composite lami-

nates is much less complete than that of unnotched laminates. The

reason is that the models predicting fatigue damage and residual

strength and stiffness of unnotched laminates are based on uni-

form distributions of damage that are reflected by terms such as

characteristic damage state, for instance. These uniformities of

damage, however, do not apply to notched specimens. [9.11,-

[9.21,[9.31.

9.4.1 Initial Properties

The previously mentioned stacking orders of [+45,90,-45,01s ,

[+45,-45,0,90]s and [0,90,+45,-451 s will be referred to as type

A-, B- and C-laminates, respectively.

Tensile strength tests were performed on five specimens each of

notched A- and B-type laminates and of unnotched C-type

laminates. The individual failure loads of the specimens and the

average failure loads are represented in Fig. 9.3. The dashed

horizontal lines indicate the averaged load levels at which major

discontinuities in the strain-load curves, accompanied by strong

acoustic emissions, occured.

Stiffness data were taken from the linear part of the strain-load

curves recorded during the tensile strength tests by means of an

extensometer centered with respect to the whole. Each vertical

line in Fig. 9.4 represents the stiffness of a specimen while the

average stiffnesses, based on the area of an unnotched

cross-section, are given by the horizontal lines.

A-type specimens loaded at R = 0.1 to 80%, and B-type specimen

loaded to 70% of their static strength, sustained at least 106
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loading cycles. Corresponding tensile load versus life curves for

the two laminates are shown in Fig. 9.5. A-type specimens cycled

at 95%, and B-type specimens cycled at 85% of their static

strength survived at least 105 cycles [9.4].

9.4.2 Stiffness Degradation

Fig. 9.6 contains stiffness data for B-type laminates cycled at

the 85% level. The two curves show the stiffness degradations

established by d.i splacement measurements with extensometers of

1.0 in and 3.6 in gage lengths. The stiffness changes based on the

former are larger and more nearly realistic unless the damage

zone spreads beyond the 1.0 in gage length.

The limits of the indicated regions I, II and III in Fig. 9.6

reflect somewhat arbitrarily transitions in the damage growth

process as represented by stiffness changes. In region 1, with

increasing load cycles the stiffness decreases at a decreasing

rate as small matrix cracks develop near the hole. In region 11,

the stiffness continues to degrade more or less linearly with

increasing load cycles. The matrix cracks In the zero and

45-degree plies extend away from the hole while delaminations

form in the region damaged by the matrix cracks. Region III

begins as the rate of stiffness degradation increases. In this

region, the sharp decrease in stiffness is associated with fur-

ther extension of the cracks in the 45-degree plies, and the

growth of the delaminations along the 45-degree matrix cracks.

Early in the life of the laminate (region I) the damage is con-

fined to the approximate zone of stress concentration around the

hole. In later stages of life, the stresses around the hole are

redistributed and the stress concentration around the hole is

relaxed due to the growth of the damage zone away from the hole.

X-ray records of damaged A- and B-type specimens showing these

damage zones are presented in Fig. 9.7 and Fig. 9.8.

Fig. 9.9 shows regions II and III of the stiffness degradation in
A- and B-type specimens during fatigue loading at 90% of static

failure load. The time axis is logarithmically scaled. In this

representation, region II appears as an almost linear line lead-
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ing into a sharp knee which connects region II with region III.

Immediately behind the knee, the degradation rate appears to be

highly increased. At the end of region III, the stiffness decay

accele -tes again until failure. Comparing the two curves shown

in Fig. 9.9, the B-type laminate shows a lower stiffness degrada-

tion before the knee, a later and more distinct formation of the

knee, and a higher degradation rate after the knee than the

A-laminate. The stiffness loss at the end of the fatigue life is
18 percent for the B-type and 40 percent for the A-type specimen.

9.4.3 Residual Strength

A number of the cyclic tests was interrupted at various loading
stages for the nondestructive inspection of the damage zone and
for residual strength measurements. This series of tests provided
the characteristic curves of the change in residual strength

throughout the loading history given in Fig. 9.10 for a load level
of 85% in the B-type laminates. It is apparent that the actual

strength increase depends on the cyclic stress level such that
higher stress levels produce slightly higher strength increases

than lower stress levels.

During the first few cycles the damage, primarily matrix cracks,
reduces the effect of the stress concentrations at the hole. The
residual strength increase is on the order 10%.

The second region of the residual strength curves is character-

ized by a slow, but constant increase in residual strength over a
logarithmic cycle scale. At the end of the region I, the increase

in residual strength is 15 to 20%. The limits of regions I and II

for residual strength are approximately the same as those
observed for stiffness changes.

The region III of the residual strength curve Is marked by a fur-
ther increase in strength. Although the data in this iegion is

scant, it appears that the maximum residual ssrength is reached
between 50 and 80% of the specimen lifetime. The largest measured

increases in residual strength are 26 and 42% for the A- and

B-type laminates, respectively. During the final region of the
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fatigue life, the residual strength decreaseo until the strength

equals the level of maximum cyclic stress.

9.4.4 Mechanisms of Damage

Static damage starts with matrix cracks, usually in the surface
plies, at ca. 60% of maximum load in the A-type laminates and at

ca. 50% in the B-type laminates. At higher load levels cracks
appear in all directions. The A-type laminates develop more
well-defined 0-degree cracks tangent to the hole while the B-type

laminates develop more well-defined 45-degree cracks. 0-degree

cracks in the A-type laminate grow to a length of more than five

hole diameters. When the tangent O-degree cracks approach their
maximum length, cracks in 45-degree and 90-degree direction are

also initiated on the straight edges. In the final stages of life-

time, a regular pattern of matrix cracks is formed between the
tangent O-degree cracks and the straight edges. The uniformity of

these cracks is similar to damage patterns observed in unnotched

larinates, the so-called characteristic damage state (CDS).

The delamination zone visible in the X-ray records in Fig. 9.7 and
Fig. 9.8 consists of the superimposed images of the delaminations

between the various laminate interfaces. It seems as if the tan-

gent 0-degree cracks in both the A- and the B-laminates cause

delaminations on adjacent interfaces. These delaminations have

the largest continuously connected area of all delaminations in

the laminates. In general, while the A-type laminates develop a
much larger delamination along its tangent O-degree cracks, the

more confined delaminations of the B-type laminates spread along
the 45-degree direction and reach the straight edges of the test

specimens.

Fig. 9.11 shows the delamination surfaces between layers produced

with the aid of the deply technique. The spatial distributions,

the characteristic shapes as well as the proper magnitude of the
delamination zones are easily recognizable. The extent of the

delaminations on all interfaces is higher for A-type specimens

than for B-type specimens, which is consistent with the previous
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observation that the A-type specimens experienced much higher

stiffness losses during their fatigue life.

Fig. 9.12 contains fringe patterns for cycled laminates under a

static load. The tangent O-degree cracks are visible and it can be

seen that they have a strong redistribution effect upon the

strain field near the hole, resulting in the reduction of the max-

imum strain concentration in the x-direction at the hole edge.
Except for the crack tips, the strain distribution along the

cracks is almost uniform.

Fig. 9.13 represents the average strain concentrations as a func-
tion of the length of the tangent cracks at various fatigue stages
for an A-type specimen. After 6x10 5 cycles, which correspond to

approximately 50% of the expected lifetime, the strain concen-

tration is reduced to K = 1.46.

Fig. 9.14 shows 'he decrease of strain concentrations versus the

logarithmically scaled number of cycles. The rate of decrease is

very high during the first cycles of fatigue loading. Recalling
that the rate of increase of residual strength of both laminates
is also very high at the beginning of the fatigue life, it seems
likely that the tangent O-degree cracks are a main factor influ-
encing residual strength.

Fig. 9.15 finally shows the results of two strength tests per-

formed on an A-type specimen and on a B-type specimen versus the

length of the tangential cracks obtained from X-ray photos taken

after applying the fatigue load. Cracks of equal length in A- and
B-type specimen seem to influence their strength increases dif-

ferently. A linear curve fit of the data points indicates
strength increases of 23% for the A-type laminat and of 44% for

the B-type laminate.
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Mean failure load
- Mean load at first strong

6U acoustic emission event
0
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Actual li-j 4.,68
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residual failure load

04o~ 355 "'
3.31 3.25S3 (63%)
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-1 59- - 145
1 1(61%) (60%)
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Fig. 9.3 Individrial and average failure loads of A-, B- and C-type
laminates.

8 - 1.0 in. gage length
Notched cross section 75

7 -67 -6.6

Unnotched cross section

5- 5.04.

C 3

1 III III

, 1-

- - ___

A B C

Fig. 9.4 Individual and average stiffness of notched and unnotched
A-, B- and C-type laminates.



9-12

3

00
0-

-----------
-3.

-

o Specimen Monotonic Cyclic

E A S 0
E IB 0

x

Frequency: 1OHz

R 0.1

0 Q2 0.4 0.6 08 1.0 1.2
Life, millions of cycles -

Fig. 9.5 S-N-curves fot A- and B-type laminates.(R -1).



9-13

1 (f

E 0

4J

c4-)

con OM 1 4 J

H U)

044

FI Ell

0 0')CC

(AlUadojd alrsual o14ul ;o jUa7~ifd)

~~ SSaUwlIs



9-14
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Fig. 9.7 X-ray radiograph of a damaged A-type specimen.
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Fig. 9.8 X-ray radiograph of a damaged B-type specimen.
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10. RESPONSE OF THERMALLY FATIGUED UN-NOTCHED SPECIMENS

10.1 Summary

Because of the different coefficients of thermal expansion of

carbon fibers and polymeric resins, environmental temperature

changes induce prestresses in the laminates. The magnitude of

the resulting tensile stresses in the resins depends on the dif-

ference between the lock-on temperature of the resins and the

lower service temperature of the composites. Repeated exposures

to very low temperatures may lead to accumulating damages partic-

ularly in highly constrained laminates. In order to assess the

effects of thermal cycling in a typical space environment on the

mechanical properties of carbonfiber-reinforced composites, and

to study the potential mechanisms of damage, a test program was

performed with [±45'] 2s-laminates prepared from five different

fiber-resin systems. Several sets of test specimens were evalu-

ated prior to and after exposure to various numbers of thermal

cycles, in vacuum, between +100 0 C and -160 0 C. The test results

showed that strength degradations of up to 20% occurred in the

expoxy-based laminates, and much more in the polyimide-based lam-

inates, accompanied by corresponding stiffness degradations.

Both types of degradation were traced to matrix cracking and to

interface deterioration.

A more comprehensive treatment of the subject matter is presented

in Appendix G "Influence of Simulated Space Environment on Car-

bonfiber-Reinforced Plastics".

10.2 Test Program

The five fiber/resin systems from which test specimens were pre-

pared are identified in Fig. 10. 1. They include high-strength as

well as high-modulus fibers imbedded in four different epoxy

resins with curing temperatures from 120 0 C to 190 0 C, and one

polyimide resin with a curing temperature of 100 C [i 10.1].
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The [± 45 0 J2 s-laminates were laid up from 0.125 mm thick prepregs

and autoclave-cured with a volume fiber fraction of 60% ± 4%.

The btacking order of ±450 was chosen to produce a maximum of cur-

ing prestress and. in view of the limited strength properties in

the 00-direction, to facilitate the tension and compression

tests. The dimensions of the laminates used for the thermal cycl-

ing tests were 195x65 mm. Subsequent to cycling, each of the

laminates was dissected into six 1101Q mm tension test specimens

and six 80x10 mm compression test specimens.

The thermal cycling tests were performed in a closed test chamber

at a vacuum of 10 - 4 Pa. The heating to 100'C was accomplished by

infrared radiation, and the cooliihg to -160'C by radiation from

LN2 -filled radiators. The heating and cooling rates were applied
realistically with a cycle duration of 50 min as shown in Fig.

10.2. One laminate of each material was subjected to 0, 1170, 2295

and 3480 thermal cycles. The laminates were prior to cycling com-

pletely dried and then kept dry by storage in a desiccator.

Tension and compression tests before and after each cycling

increment were conducted both at 23'C and at 100"C with three spe-

cimens per test point 
.

10.3 Strength and Stiffness Degradations

Figs. 10.3 and 10.4 display, relative to their normalized initial

strengths, the residual tension and compression strengths of the

test specimens cycled 1170, 2295 and 3480 times. It is apparent

that the residual strengths of the epoxy-based laminates, tested

at 230C, is only moderately affected whereas the polyimide-based

laminate is drastically degraded. According to Figs. 10.5 and
10.6, very similar relationships are found in the residual

strength tests performed at 100 0C. In general, the residual

strengths were higher in resin systems with high curing temper-

atures. It may be assumed that a tubstantial amount of the

strength reduction occurred already after the first few cycles.

Figs. 10.7 and 10.8 contain the corresponding numerical data in
terms of mean values and standard deviations.
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In comparison to the modest strength decline of the test speci-

mens, the associated reduction of their stiffness is more pro-

nounced. Fig. 10.9 shows the magnitudes of this reduction for the

four epoxy-based laminates. The data points were determined by

the application of a reference stress which produced a strain of

0.2% in an uncycled test specimen when tested at 23
0 C.

10. 4 Mechanisms of Damage

During thermal cycling the laminates were not mechanically loaded

or constrained and subject only to internally induced thermal

stresses. An analytical assessment indicated that in cross-plied

laminates the thermal stresses transverse to the fibers exceed

the tensile strength of the epoxy resin in every ply when cooled

down to -160'C while the interlaminar shear strength between

adjacent plies is approached but not exceeded 1 10.2,10.3].

Therefore, the following failure modes were expected:

matrix cracks parallel to the fibers because of lateral con-

straints;

local delaminations especially at the free edges of the lami-

nates;

loss of adhesion and debonding especially at the ends of the

fibers.

The detection and identification of failure modes was attempted

by ultrasonic and radiographic techniques, by microscopic inves-

tigations of polished surfaces and of fracture surfaces, and by

analytical considerations. The suspected failure modes were

indeed located although not all of them in every laminate and dif-

fering in severity from laminate to laminate.

10.4.1 Matrix Cracks

Thorough examinations of the laminates prior to cycling revealed

no evidence of damage. After cycling, matrix cracks were found in

different distributions and with different degrees of severity.

In the epoxy-based laminates the cracks were rare and small, and
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detectable only by scanning electron beam microscopy. A typical

example of a matrix crack is given in Fig. 10.10. It was difffi-

cult to find a quantitative correlation between crack patterns

ani intensity of thermal strains because of the irregularity of

crack formation. Much more distinct matrix cracks were found in

the polyimide-based laminate on account of the lower ductility of

the resin and the higher curing temperature. Contrast-enhanced

radiographic records indicate a criss-crossing pattern of paral-

lel lines (Fig. 10.11) which, under high magnification, could be

identified as matrix cracks. The left photograph in Fig. 10.12

shows the regular spacing of the cracks and the right photograph,

further magnified, the beginning of an edge delamination at the

bottom of a crack between the first and second ply of a

polyimide-laminate 
.

10.4.2 Local Delaminations

Refined ultrasonic techniques allow the detection of delami-

nations with diameters 0.5mm. All such records for the

epoxy-based laminates were uniform and free of defects as exem-

plified in Fig. 10.13 for the T300/914C material. Corresponding

C-scans for the polyimide-based laminate have a drastically dif-

ferent appearance already after 1170 thermal cycles. It is

evident from Fig. 10. 14 that delaminations occurred both central-

ly and at the free edges of the laminate, which is consistent with

the observations made in the preceding section.

10.4.3 Degradation of Fiber-Matrix Interface

Positive proof of loss of adhesion between fibers and matrix

could not be established with the cited inspection techniques;

however, an indication of degradation is apparent from a compar-

ison of the texture of fiber surfaces in the microphotographs of

Fig. 10.15. Before thermal cycling the fibers are covered with

many specks of matrix material while after cycling the surfaces

are relatively smooth, indicating a changed quality of adhesion.
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Further evidence of degradation is given in Figs. 10. 16 and 10.17

in the form of stress-strain diagrams established after various

numbers of thermal cycles for the T300/914C-laminate. The contin-

uous decline of stiffness with increasing cycle numbers is obvi-

ous, particularly at high test temperatures, although it is

uncertain whether this effect is attributable to the matrix

cracks, a deteriorating interface, or a combination of both.

10.5 Additional Observations

It should be expected that the presence of matrix cracks or fiber

debonds will influence the coefficients of thermal expansion of

the laminates. According to Fig. 10.18 a trend towards higher

coefficients with increasing numbers of thermal cycles could be

observed in the iivestdgated temperature regime between 30'C and

lO0oC.

Also, the acciunulation of damage ought to affect the natural fre-

quencies and the damping characteristics of the laminates which

is reflected in Fig. 10. 19.

It may be concluded from the test program that in the tested tem-

perature range from 100'C to -160'C the development of matrix

cracks in cross-plied laminates cannot .
= voided. The associated

changes of the physical properties are rolatively minor in

epoxy-based laminates with high curing temperatures, whereas

extreme caution should be exercised in the application of polyim-

ide-based laminates.



10-6

10.6 References

[10.1) Camahort, J.L. Effects of Thermal Cycling

Rennhack, E.H. Environment on Graphite/Epoxy

Coons, W.C. Composites, Environmental Effects

on Advanced.

Composite Materials, 1976,

ASTM STP 602

[10.2J Mazzio, V.F. Effects of Thermal Cycling on the

Mehan, R.L. Properties of Graphite/Epoxy Composites.

Composite Materials: Testing and

Design,

ASTM STP 617.

110.31 Woolstencroft,D.H. Interface Stresses in Unidirec-

Curtis, A.R. tional Carbon Fibre Composites.

PLASTICS AND RUBBER INST.,

Interfaces in Composite Materials,
Univ. of Liverpool, England,

Apr. 1,2 1981, 29 p.



10-7

Material Type of Fiber Curing
Designation Type of Resin Temperature Symbol

Celion GY - 70
HY-E 1548 Al I Fiberite 948 Al 120 C

LY 556 I HY9171 Toray T300-6000
XB 2692 IT 300 Unmodified Epoxy

1 Thornel PitchHY- E 2034 0 Fiberite 934 180 C

Toray T 300
914.C-TS- 5 Cia 9 1900C 0Ciba 91/4

UC T 300-3000
T3T F 178 Hexcel F 178 210 0 C

Fig. 10.1 List of materials.

-A.-J
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Tes Temperature t 23°C

ER 1.0

0.8

0 " 
I0 1170 2295 N 3480

Number of Thermal Cycles

1.0

0.8
ER
E3

0.6

Test Temperature t 100 0 C

0,4

0 1170 2295 N 3480
Number of Thermal Cycles

Symbol Laminate No. Reference Load
0 164 Cv = 46.0 N/mm 2

169 or, = 38.8 N/mm 2

A 170A cr, = 41.6 N/mm 2

175 IV = 40.5 N/mm 2

* Reference Load was Defined to be the Load Resulting
in an Elongation of 2mm/inm of a Virginal Specimen at
Room Temperature

Fig. 10.9 Stiffness degradation due to thermal cycling.
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Before Thermal Cycling (400 x)

*- Crock Across
First Loyer

After 1170 Thermal Cycles (400x)

Fig. 10.10 Photomicrographs of the cross section of a 914C-TS-5

sample before and after thermal cycling.
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ab

Fig. 10.11 X-Ray photographs of a T3T F178 laminate

a) before thermal cycling

b) after 2295 thermal cycles

<-4: ~-4-

a (30x) b (400x)

Fig. 10.12 Sample of T3T F178 after 1170 thermal cycles

a) thin dark lines are surface cracks

b) surface crack and subsequent delamination.
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.q44 &V% I PO !

a (655x) b (655x)

Fig. 10.15 Fracture surfaces of 914C-TS-5 specimens

a) before and b) after thermal cycling

S Uncycled

X 1170 Cycles:5+ 2295 Cycles
Y 3480 Cycles

19.00 3.00 6.0o 9.00 12400 IS.00 8.021.00: 40 20 30.00

Elongation minim

Fig. 10.16 Stress-strain curves for 914C,T300 laminate at 23'C

(Average values of 3 tests)
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a- y 1170 Cycles

t + 2295 Cycles

*Y 3480 Cycles
iA

18.O0 6.00 12.00 18.00 24.00 30.00 35.00 42.o0 48.00 64.00 O .0V

Elongation mm/m

Fig. 10.17 Stress-strain curves for 914C/T300 laminate at 1001C

(Average values of 3 tests).

Number Lominote Type (Ref. Fig.1)
of Cycles o x o v

0 1.9 0.6 1.5 -0.9
1170 - - 1.7 -

2295 1.9 0.6 2.0 -0.9
3480 2.0 0.6 2.4 -0.8

x10-6 m/m oC

Fig. 10.18 Coefficients of thermal expansion
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Fig. 10.19 Change of natural frequencies and da~iping characteristics

in percentages of the orginal values as a result of

thermal cycling.
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II. STRAIN CAPABILITIES AND STRAIN RATE EFFECTS IN EPOXY RESINS

AND LAMINATES

11.1 Summary

The currently available epoxy resins with curing temperatures of

ca. 180'C have relatively low strain capabilities. The desirable

increase of the strain values at failure under retention of rea-
sonably high service temperatures is chemically incompatible and

beyond the state of the art. It is uncertain therefore, whether

the availability of advanced high strength-high strain carbonfi-

bers in connection with the present generation of epoxy systems

can offer significant advantages. Alternatively, the question

can be raised what ranges of strain capability will be required in

order to exploit the potential of the new carbonfibers. As a sup-
plement to similar studies of other authors [11.1], [11.2],

[11.31, investigations in this direction were made with a variety
of matrix formulations and fiber types under ambient conditions,

i.e., initially by-passing the issue of maximum service temper-

ature. The majority of the tension tests were performed with
unidirectional ring-type specimens (11.4] which led to quantita-

tive and consistent results. By increasing the matrix failure
strain from c = 1.5 % to E = 2.5 %, strength improvements between

14 % and 54 % are possible. A second issue was the sensitivity of

the strength and stiffness properties of the test specimens to

different strain rates. With two specially constructed loading

devices, loading rates differing by four orders of magnitude

could be applied. The tests showed, somewhat surprisingly, that

for strain rates greater than dE/dt = 1.0 % per sec the strength

values of the test specimens remain constant regardless of the
ductility of the matrix. The majority of the tests were accompa-

nied by acoustic emission analyses. Under the assumption that the
acoustic energy release is an indicator for the fracture phenome-

non as such, ideal or less ideal fracture sequences can be
identified by comparison of the integrated energy release at pre-

scribed deformation states.
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11.2 Material Choice and Test Specimen Configurations

With respect to the matrix material two epoxy resins were

selected which, dependent on their mixture and hardened with HT

976, produce different strain capabilities in the aggregate. One

of the resins carries the designation MY 720 and has high thermal

stability while the other, known as LY 556, is extremely ductile,

as shown in Fig. 11.1. A total of nine different mixtures were

prepared and tested, ranging from 0 % LY 556 and 100 % MY 720 to
0 % MY 720 and 100 % LY 556.

The resin mixtures were reinforced with three different kinds of

carbonfibers, namely, HM45 (high stiffness), T300 (high

strength) and ST3 (high strain). Their mechanical proporties are

listed in Fig. 11.2.

For the evaluation of the neat epoxy resins, 15x3x200 mm and

15x3x200 mm flat specimens and 3.8 mm thick rings with an inside

diameter of 146 mm and a width of 6.4 mm were prepared. The car-

bonfiber-epoxy composites were tested in the fo-m of socalled

NOL-rings (11.51. The filament-wound rings consiated of unidi-

rectionally aligned rovings and had an inside dianiater of 146 mm,

a thickness of 1.6 - 1.8 mm and a width of 6.4 mm. The fiber volume

fraction was approximately 60 %.

11.3 Test Procedure for Epoxy Resins

The thermal stability tests were conducted with 15x3x60 mm flat
specimens according to DIN 53 458 (Martens method). The specimens

were tested in a dry condition and after moisture-saturation at

100 % relative humidity.

The testing of the tensile stress and strain properties was
accomplished with 15x3x200 mm flat specimens in a spindle-driven

Zwick 1484 test machine with a feed of 2 mm/min. The test specimen
displacements were measured inductively over a length of 50 mm.

The test data were recorded and issued in the form of

stress-strain diagrams by a process computer attached to the test
machine. In order to assess the influence of the test specimen

L 
L - .------- - _
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configuration, additional tests were performed with the

ring-type specimens described above. The hydraulic loading pro-

cedure and the data acquisition corresponded to those of the

NOL-ring tests (Section 11.5.1).

11.4 Test Results for Epoxy Resins

Fig. 11.3 summarizes the results of the thermal stability tests

conducted for the various resin mixtures. In the wet condition

the thermal stability is surprisingly insensitive to proportions

of the mixtures while in the dry condition the dependence is

almost linear, as expected.

The resllts of the strength and ductility tests are given in Figs.

11.4 and 11.5 depicting the failure stresses and failure strains,

respectively, for the nine resin mixtures. Each data point

represents the mean value of at least five replicates of the flat

specimens and of at least three of the ring-type specimens. Even

though the scatter of the data is large and the distribution some-

what erratic, a clear tendency towards higher strength and higher

ductility exists for increasing amounts of LY 556 up to 80 %. The
subsequent drop at 100 % LY 556 defies rational explanation.

11.5 Test Procedure for NOL-Rings

The goal of the test program was the assessment of the effects of
different loading rates on the mechanical properties of unidirec-

tional laminates. For that purpose two test facilities were
designed capable of low and high loading rates. In both cases the
NOL-rings were loaded by radially directed hydraulic pressure
producing uniform tension. The major advantage of this test pro-

cedure was the avoidance of the normally encounterd gripping
problem. Considering the ring dimensions both the curvature of
the ring and the normal pressure component were assumed negligi-

ble.
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11.5. 1 Test Facility for Low Loading Rates

The major components of the test facility are depicted in
Fig. 11.6. The NOL-ring is loosely fitted i. to a circular pres-

sure chamber capable of 450 bar and sealed oif with a concentric
rubber seal at its inside face [11.51. The hydraulic pressure is
produced by the downward motion of a plunger. The dimensions of

the test facility are such that the velocity of the plunger corre-

sponds to 1.26 times the velocity of the circumferential length

increase of the NOL-ring. The entire assembly is placed into a
Zwick 1300 test machine and the plunger compression-loaded at

velocities dictated by the limitations of the test machine. The

actually executed plunger velocities were 20 mm/min and 360
mm/min, implying circumferential length increases of 15.9 mm/min
(de/dt = 0.057 % per second) and 286 mm/min (de/dt = 1.04 % per
second), respectively.

During a typical test the hydraulic pressure and the radial
extension of the NOL-ring were measured by a pressure gauge and

displacement transducers, and recorded directly on a

x-y-t-recorder, as shown in Fig. 11.7. Additionally, the acous-

tic energy release was monitored to assist in the identification
of failure modes.

11.5.2 Test Facility for High Loading Rates

In order to substantially exceed the loading rates achievable in
semi-static test machines, a new test facility was developed

allowing circumferential length changes of the NOL-rings of

660000 mm/min (dc/dt = 1600 % per second). The major feature of
the new facility is a different propulsion device for the
plunger. Both the original positioning and sealing provisions

were retained. As shown in Fig. 11.8, the upper part contains a

double-faced sealed plunger whose downward motion can be arrested

in the cylinder by a shear pin. Above the cylinler a hydraulic
storage unit contains an elastic bladder filled with gaseous

nitrogen. Gradual pressurization compresses the bladder to max-

imally 330 bar and ultimately shears the pin holding the plunger.
Under the subsequent expansion of the bladder the plunger moves
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downward and loads the NOL-ring in an explosive fashion.

Fig. 11.9 is a photograph of the high loading rates facility
ready for operation.

The hydraulic pressure exerted on the NOL-ring and its radial

displacement were monitored according to Fig. 11.10. In view of
the short test duration of ca. I msec the test data had to be ini-
tially stored in a transient recorder. The simultaneous storage

of pressure and strain data allowed the evaluation of the pres-
sure as a function of strain and the strain as a function of time.

11.6 Test Results on Mechanical Properties for NOL-Rings

In the course of the test program the influence of the following

parameters on the stress-strain relationships of NOL-rings was
investigated:

a) different carbonfibers (ST3, T300, HM45)

b) different matrix strain capabilities

(Eult= 1.45 % to tult = 2.8 %)

c) different strain rates

(de/dt = 0.057 % per sec. to dE/dt = 1600 % per sec.)

The results of the low strain rates tests are displayed in Figs.

11.11 through 11.14 in terms of failure stresses and failure
strains of the NOL-rings versus the elongations of the nine dif-
ferent matrix systems. It is apparent that under more or less

semi-static loading (dt/dt = 0.057 % per sec.) the failure

stresses of the NOL-rings with all fiber-types improves signif-
icantly with increasing matrix elongations (Fig. 11.11). The
same trend prevails, although somewhatless pronounced, with

respect to the failure strains (Fig. 11.12).

In contrast, no or only insignifican. improvements of failure

stresses or failure strains are evident at a strain rate of dt/dt
= 1.04 % per second even at very high matrix elongations
(Figs.11.13 and 11.14). From the fact that at a matrix elongation
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of 1.45 % both strain rates produce comparable values for failure
stresses and failure strains it may be surmised that at high

strain rates the more ductile matrices have insufficient time to

develop their potential. Figs. 11.15 through 11.17 show a compar-

ison of the elastic moduli of the different fiber-type composites

in dependence on the matrix elongation. For all fiber-matrix

systems the values of the moduli obtained at a strain rate of

de/dt = 1.04 % per second lag those obtained at the very low

strain rate of dE/dt = 0.057 % per second for perhaps the same
reason as advanced above.

First results of the high strain rate tests (de/dt = 1600 % per
sec) concerning the failure stresses are displayed in the

Figs. 11.18 through 11.21. The tests indicated no dependence of

the strength on matrix elongation, as already noticed at a strain

rate of 1.04 % per second. This again points to the fact that the
potential of a more ductile matrix cannot be utilized at very high

strain rates.

In comparison to the test results obtained at a strain rate of

1.04 % per second, the increase of the failure stress in HM45 com-

posites amounted to 37 %, Fig. 11.19, and to an average of 10 % in

ST3 composites, Fig. 11.20. For T300 composites the failure

stress is only insignificantly higher, Fig. 11.21.

11.7 Test Procedure for Acoustic Emission Analysis

The monitoring of acoustic emission data during the loading of
test specimens allows an assessment of the damage progression
process and can thus contribute to the characterization of the
type of laminate under evaluation. It is essential that this
evaluation is based upon an AE parameter which not only indicates
the occurrence of damage propagation qualitatively, but can be
correlated in quantitative terms with its extent. Furthermore,
the rate of data acquisition must not influence the interpreta-

tion of this parameter. Preliminary investigations have shown
that the energy content of the AE events satisfies these require-

ments.



11-7

On this premise the cumulative AE energy S(e) was plotted versus

strain. Both the abscissa and the ordinate of the obtained dia-

grams were normalized:

Eult E ult,norm

S(E ult) S(ult,norm) 1

The amount cf energy released by the final fracture process

itself was excluded because its absolute value would dominate the

whole distribution and the measurement conditions would be dis-

torted by the failing specimen.

11.8 Acoustic Emission Results

The normalized S(E)-curves allow a direct comparison between the

performance of different test specimens. From an engineering

aspect, the optimal case is a small S(E)-value up to imminent fai-

lure. This type of curve is approximately realized in

Fig.ll.22(e). On the other hand, Fig. 11.22(a) demonstrates that

considerable amounts of energy can be released by d, tage mech-

anisms already at very low strain values. The question was

whether or not the different types of curves correspond to cer-

tain fiber/resin-combinations.

The AE energy release was pursued in detail for each test. The

obtained results indicate that the initiation of the final fail-

ure process is indeed influenced by the matrix ductility. Howev-

er, there is large scatter in the individual damage progression

processes.

On a high strain level (eult = 0.8) NOL-rings made from ST3 and

T300 fibers show a tendency of declining S(t), i.e., less accumu-

lated damage, when the ductility of the epoxy resin increases

(see Figs. 11.23, 11.24). This tendency was not observed for HM45

specimens (Fig. 11.25).

In a number of tests, a spontaneous or step-like increase in the
cumulative energy indicated the initiation of the final failure

process at certain strain levels, which are depicted in

_ A
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Figs. 11.26 and 11.27 for T300 and ST3 test specimens. NOL-rings

made from HM45 fibers show a more continuous acoustic energy out-

put under increasing load.
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Property T300-3000 ST-III-7-3000 HM-45-6000

Tensile strength 3100 4560 1860

N/mm 2 , MPa

Young's modulus

kN/mm 2 
, GPa 248 247 454

Failure strain
% 1,25 1,84 0,41

Density

g/cm 2  1,74 1,77 1,90

Fig. 11.2 The typical properties of three types of carbon

fibers.

(Specification of the manufactures)
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Fin. 11.9 Test set-up for high speed loading of

ring specimens.
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1.5 - ST 3

1.0 -0,057 0/% sec

1,0 * 0 T30

H M 45
0

0

1.5 2.0 2.5 0/ 3,0
E Matrix

Fig. 11.12 Failure strain of CFRP-rings at a rtrain rate

of 0.057 %/sec vs. failure strain of different

matrices.



11-21

2000

Nlmn

E

0- __ o- ST 3
1500 0 0

1500-

00 o T 300
0 0

1000

1,04 % /sec

500-
500 0 HM45
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Fig. 11.13 Failure stress of CFRP-rings with a strain

rate of 1,04 %/sec vs. failure strain of

different matrices.
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Fig. 11.14 Failure strain of CFRP-rings with a strain
rate of 1,04 %/sec vs. failure strain of
different matrices.
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Fig. 11.15 Tensile modulus of CFRP-rings vs. failure

strain of different matrices.
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Fig. 11.16 Tensile modulus of CFRP-rings vs. failure strain

of different matrices.
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Fig. 11.17 Tensile modulus of CFRP-rings vs. failure strain

of different matrices.
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Fig.11.18 Failure stress at high and low speed loading

of the variety of ring specimens.
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Fiq.11.19 Failure stress of HM 45 ring specimens at strain

rates of 1600 %/sec and 1,04 %/sec.

(average of two tests at high strain rate)
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1500 - _ _ _ _ _ _
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1600%/sec

1000 -
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Fig.11.20 Failure stress of ST 3 ring specimens at strain

rates of 1600 %/sec and 1,04 %/sec.

(average of two tests at high strain rate)
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Fiq.11.21 Failure stress of T 300 ring specimens at strain
rates of 1600 %/sec and 1,04 %/sec.
(average of two tests at high strain rate)



4

11-30 :
Ea
w
1-4

1-4

LU 1%

4Q 44

Lo L0

$'4

4J4

4.)

0

14

V))

t~-4

CC

C oD

Ln LU )



11-31

Composite Rings dry

o ,0 = .57 %/sec
E -0.8 ST 3
E ULI

>- 1.0 -Lf)

01-10
LUJ 0 0

LUJ

0,5 o0

I-

1,5 2,0 Z.5 3,0
FAILURE STRAIN OF MATRIX, EMtrix

Fig. 11.23 Cumulative acoustic energy output of CFRP rings

with different matrices at 80% of failure stress.

(The shaded area represents a general tendency

found in the entire set of tests with ST 3

L _ _
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FAILURE STRAIN OF MATRIX, EMatix

Fiq. 11.24 Cumulative acoustic energy output of CFRP rings

with different matrices at 80% of failure stress.

(The shaded area r-3presents a qeneral tendency

found in the entire set of tests with T 300
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FAILURE SIRAIN OF MATRIX, EMatrix

Fig. 11.25 Cumulative acoustic energy output of CFRP rings

with different matrices at 80% of failure stress.
(The shaded area represents a general tendency

found in the entire set of tests with HM 45
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Fig. 11.26 Range of spontaneous initiation of failure in

CFRP rings determined by acoustic energy output.
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Fiq. 11.27 Range of spontaneous initiation of failure in

CFRP rings determined by acoustic energy output.
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12. RADIATIVE AND OXIDATIVE EFFECTS

12.1 Summary

Cainonfiber-reinforced epoxy resins are susceptible to impair-
ment of their mechanical properties in radiative and oxidative

environments. A limited attempt has been made to assess the mag-

nitude of degradation in three specific cases. A realisatic simu-

lation of electron beam irradiation as experienced during the

service life of a spacecraft structure in a typical geostationary
orbit showed that neither the tensile strength nor the elongation

to failure of 1 mm thick laminates were impaired after 3x108 rads,

A slight reddish tint on the laminate surfaces may be indicative

of optical property changes. The long-time exposure of test spe-
cimens to open atmospheric conditions in 75 m and 1600 m elevation
led to the observation of matrix cracks and obvious deteri-
orations of the laminate surfaces. The direct cause was surmised

to be UV-B type irradiation, aided bl che presence of both mois-
ture and oxygen. Following an initial increase of the tensile
strength it subsequently diminished continuously to 90% of the

initial strength after an irradiation dose of 2000 J/cm2 which is
roughly equivalent to three calender years. A clearly oxidative

effect was observed on test specimens which were subjected to a
sustained temperature of 120*C in the presence of air. The meas-
ured weight loss of 914C/T300-laminates was 3.3% after 28900

hours and continuing. At a sustained temperature of 100'C the
rate of weight loss was considerably less but had an equally con-

tinuing trend. Optical investigations revealed no changes in the
surface texture of the test specimens. It is recognized that in

rarefied regions of the atmosphere the presence of atomic oxygen
presents a more serious threat. However, this condition is dif-

ficult to simulate in ground-based facilities and may have to be

evaluated in appropriate altitudes.

12.2 Effect of Electron Irradiation

In the course of their service lives, space structures may be sub-
jected to various kinds of irradiation. The potential degradation

of the mechanical proporties of carbonfiber-reinforced laminates
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will depend on the nature and duration of the irradiation expo-

sure. The effect of electron beam irradiation on the tensile

strength and stiffness of [±4512s -laminates made from the three

different material systems shown in Fig. 12.1 was investigated in

some detail.

Rectangular test specimens of 65 mm width and 195 mm length were

first irradiated in a Van der Graaf accelerometer at the Univer-

sity of Illinois at 1000 C in a 10
- 4 Pa vacuum. With a beam current

of 165 iA held for approximately 27 hours a total of 3x10' rads was

applied which corresponds to at least twice the dosis a space

structure in a geostationary orbit will experience during a ten

years service life. After the electron beam irradiation a visual

inspection of the test specimens indicated no degradation of the

surface texture; however, a slight reddish discoloration was not-

ed on the specimen surfaces facing the irradiation source.

The laminates were subsequently dissected into 10×110 mm

parallel-sided tensile test specimens and statically loaded to

failure. A comparison of their tensile strengths and elongations

at failure with corresponding values obtained from

non-irradiated specimens showed only minor differences which may

be attributable to data scatter. The test results are summarized

in Fig. 12.1. From a structural point of view the effects of elec-

tron beam irradiation may be considered negligible.

12.3 Effect of UV-Irradiation

Moderate exposure of epoxy resins to UV-irradiation seems to

cause additional cross-linking of the polymers and is in that

sense beneficial. Higher doses of irradiation, however, tend to

break down the polymer chains which leads to a degradation of the

epoxy resins and a reduction of their molecular weight. The study

of these effects was limited to UV-B type irradiation which, in

contrast to UV-C irradiations, is capable of reaching the earth's

surface. The test specimens were 1 mm thick epoxy laminates rein-

forced with different kinds of fibers in fabric form with

approximately equal fiber volume contents. The specimens were

exposed at 75 m and 1600 m elevation to the open atmosphere in

- I I I iI
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order to include the potentially negative influences of atmo-

spheric oxy, -n and moisture In view of the unstable climate it

seemed to be prudent to interpret the results in terms of the

amount of UV-B irradiation rather than in calender months. The

corresponding calculations were based on measurements of the glo-

bal irradiation with a solarimeter [ 12. 1] .

In certain intervals, specimens were removed from the test sites

and subjected to static tension tests in order to determine their

residual strength. The test results are summarized in Fig. 12.2

in the form of residual tensile strength versus amount of UV-B

ir-adiation [12.2)- In all laminates an initial slight strength

increase is followed by a more or less substantial strength

degradation. Micoscopic investigations disclosed matrix cracks

within the surface of the laminates which increased in number a:.d

branched out in several directions. In this process resin parti-

cles on the specimen surfaces were isolated and afterwards flaked

off, as shown in the bottom part of the figure. Photogcaph i was

made before outdoor weathering, photographs 2 and 3 after one and

two years of exposure, respectively.

12.4 Effect of Oxidation

The influence of the environment on the performance character-

istics of carbonfiber-reinforced resins is a well known phenome-

non. Sustained exposure to elevated temperatures, for example,

can lead to irreversible changes in the composition of epoxy

resins. A convincing indication of such changes is the weight

loss observed in 914 C/T300 and Code 69/T300 laminates subjected,

in two test series, to long-time exposure at constant temper-

atures of 100'C and 120'C for up to 28900 hours. The heatiz.g of

the test specimens took place Linder normal atmospheric conditions

in separate 1000 C- and 120'C- ovens, where the gas exchange in the

two ovens was accomplished by a daily pumping action, and by con-

tinuous ventilation, respectively. The number of test specimens

was five for each material for the 100'C- tests, and two for the

120°C- tests, collected from different material batches. The

dimensions and dry weights of the specimens ar : given below. The
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dry weights were established after exposure of the specimens to

70'C for 55 hours.

Dimensions Dry Weights

[mm] [g]

100 0 C

914 C ll4xlOxl 1.65 - 1.68

Code 69 114xlOx1 1.54 - 1.57

120 0 C

914 C 10Ox50xl 7.33 - 7.38
Code 69 lO~x5Oxl 6.88 - 7.18

Fig. 12.3 shows the functional relationship between exposure time

and weight reduction which, evidently, does not reach terminal

values. According to the figure the reduction in temperature

from 120*C to 100 0 C leads to a significantly lower rate of weight

loss especially in the 914 C/T300 material.

Independent tests at the NASA-Ames research center confirmed the

suspicion that the weight reduction is caused by an oxidative

process. Neat epoxy resins were exposed to high temperatures in

vacuum and out of vacuum. A weight loss, accompanied by a drastic

reduction of stiffness, was observed only in specimens tested

under atmospheric conditions. Apparently, the products of the

oxidation process leave the resins in a gaseous state by dif-

fusion, so that the weight loss becomes noticeable only after

extended periods of time.

d" .A L
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13. FRACTOGRAPHICAL INVESTIGATIONS

13.1 Summary

Laminates made of carbonfiber-reinforced epoxy resins exhibit,

under increasing tensile loads, three different kinds of failure

modes: rupture of individual fibers, microcracks in the matrix,

and loss of adhesion at the fiber-matrix interface. These ini-

tially microscopic failure modes, occurring singly or in combina-

tion, degrade the mechanical properties of the laminate and may

lead to total fracture. By means o:- a fractographical evaluation

of the fracture surfaces it was attempted to gain insight into the

mechanisms which initiate and perhaps control the three fracture

modes. It became soon apparant, however, that the topography of

the fracture surfaces is not only affected by the nature or

sequence of the dominant failure modes but also by such parame-

ters as moisture content, variations of curing process, and

different stacking orders or strain rates. For that reason it has

not yet been possible to develop the same comprehensive under-

standing of failure mechanisms for composite me serials as it

already exists for metals. In view of the complexity of the issue

the efforts commenced with the failure modes analysis of BSL 914

epoxy resins and proceeded to the investigation of environmental

effects in uni- and multidirectional laminates made of Fiberdux

914C/T300 and Code 69,T300 materials. The topography of the frac-

ture surfaces of the tension-loaded neat resin was seen to depend

on the curing process as well as on the moisture content. In cur-

ing cycles with low heating rates the formation of microcracks

was observed. Both the curing cycle and the moisture content

affect the strain capability of the resin, as can be qualitative-

ly recognized in the fracture surfaces. A clear distinction

between the two phenomena could not yet be made. With a known

curing cycle, however, it is possible to dedace the moisture con-

tent of a specimen or, with a known moisture content, the nature

of the curing cycle. In regard to fiber-renforced laminates it

became evident that the influence of different curing cycles, of

test temperature and of moisture content on the matrix micro-

structure and on the fiber-matrix interface are identifiable. A
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first attempt to quantify the fiber-matrix adhesion in terms of

the mean length of the pulled-out fibers is promising.

13.2 Description of Test Equipment

The microfractographical investigations were performed with a

scanning electron beam microscope of the type Philips SEM 505

capable of a resolution down to 6 nm. The beam voltage is variable

between 1 and 30 kV and the magnification is adjustable up to
160xi03. The diameter of the electron beam on the object can be

varied between 4 and 1000 nm. The image of the fracture surface is
produced simultaneously on a viewing monitor and on a photograph-

ic monitor by a secondary electron detector and a video unit. The

depth of field is 0.34 mm at a magnification of 100, and 1.2 pm at

a magnification of 10 000. The test specimens are positioned on a

goniometric table allowing translation and rotation.

For the quantitative evaluation of the photographic images a se-

miautomatic photo interpreter permitted, under manual scanning,

the count and measurement of individual picture s!lements, their

statistical treatment and the representation of characteristic

quantities in terms of cumulative distribution diagrams.

13.3 Investigation of Epoxy Resins

The appearance of the fracture surfaces of laminates is influ-

enced by a multitude of parameters. Their proper interpretation

can be simplified by an initial evaluation of the characteristics

of the unreinforced resin system. Consequently, the investi-

gations began with a study of the effects of different moisture

contents and different curing cycles on the fracture surfaces.

13.3.1 Influence of Moisture Content

Figs. 13.1 through 13.10 display fracture surfaces of Ciba BSL

914 test specimens subjected to tensile loads. The data line at

the bottom of the figures contains, as the third entry, the magni-

.- _:I ,A , ml I' - IIl Imain
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fication in exponential form, i.e., the designation 1.06 El in

Fig. 13.1 signifies a magnification of 10.6. The odd-numbered

figures display the fracture surfaces of dry test specimens under

increasing magnification and the even-numbered the fracture sur-

faces of test specimens saturated at 93*o' relative humidity. Figs.

13.1 and 13.2 show the fracture surfaces of dry and moi st speci-

mens magnified ca. 10. Already here different patterns of

elevations and suppressions are noticeable which become more pro-

nounced at magnification 50 in Figs. 13.3 and 13.4, indicating

different decl-eC of ductility. In the upper half of Fig. 13.4

fracture parabolaso can be recognized similar in appearence to
those occutr L nq -c hiu;h static loads in metals. The fracture sur-

faces of the d-v specimen with their flat and uniform topography,

in comparison, siunufy lack of ductility in the resin. At a magni-

fication os 1) (!-irs. 13.5 and 13.6) the fracture surfaces have a

f 1an- 7. d sr.r:-nence, more pronounced in the moist specimen

,a1d b:'.q, the contention of higher ductility of the
in t , ;-e of moisture. This reasoning is in accord

wa Hb '~sr - -iuiements of the strain to fai. i, Fult'

whic . -a : h in the moist specimen (2. 7%) than in the

d iy Ip'c n (31 .37o).

At magnifications of 2000 (Figs.13.7 and 13.8) and 4000 (Figs.
the microstructur- of the matrix becomes more apparent. It is

composed of opherically shaped and interconnected elements whose

diameters increase with increasing moisture content. This con-

figuration may be influenced by the presence of polysulfon in the
BSL 914 epoxy resin.

13.3.2 Influence of Curing Cycle

Figs. 13.11 through 13. 19 show the topography of the fracture

surfaces of BSL 914 tensile specimens cured under the substan-

tially different curing cycles identified on the right-hand side

of the figures. The specimens were statica-ly loaded to failure

in a completely dry condition. According to Figs. 13. 11 and 13.12

the texture of the fracture surface of specimens cured at a high

heating rate (4 0C/min to 170'C, 4 hrs constant at 170'C) is more

coarsely grained than that cured at a low heating rate (0.SC/min,
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4 hrs constant at 170 'C). The topography of specimens cured at low

heating rates also exhibits flakes and cracks suggesting a higher

strain capability. Macroscopic measurements, however, yielded

similar values of elongation at failure and did not support that

suggestion.

Fig.13.13 shows the fracture surface of a specimen cured with a

heating rate of 20C/min and subsequent hold times of 3 hrs at

120'C and 4 hrs at 1700C. The topography displays medium grain

sizes and uniform elevations and depressions.

More distinct differences of the fracture surfaces become appar-

ent at a magnifications of 2 COO and 5 000 (Figs. The

sphere-shaped elements of the microstructure, typical for the BSL

914 resin system, differ in size and are larger in the latter cur-

ing cycle. The macroscopically measured elongation at failure is

a!so the highest for this case.

13.4 Investigation of Statically Loaded Laminates

The failure mechanisms of multidirectional laminates are z.ffect-

ed by a variety cf parameters. Their proper interpretation man-

dates the microscopic evaluation of the topography of their

fracture surfaces. For that purpose, representative regions of

the microscopically nonuniform surfaces were identified and pho-

tocraphically documented. The aim of the investigation centered

on the determination of characteristics in the fracture surfaces

of carbonfiber-reinforced laminates caused by a) preceding ther-

mal cycling of test specimens, b) variations of the curing

process, c) different moisture contents and d) different test

temperatures. The test specimens were uni- and multidirectional

laminates which were loaded statically to failure. In each of the

last three test series, two of the parameters mentioned above

were held constant while the third was systematically varied.
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13.4.1 Influence of Thermal Cycling

In the course of the thermal cycling tests described in Section

10, [(±45 ]2s -specimens made from different materials were exposed

to ca. 3500 thermal cycles between +90'C and -155 0 C. The evalu-

ation of their properties prior to and after cycling included a

comparison of relevant features of their fracture surfaces after

static loading to failure. Pertinent microphotographs of Fiber-

dux 914C,T300 specimens are assembled in Fig. 13.20 through

13,31. The even-numbered figures always relate to non-cycled spe-

cimens and the odd-numbered figures, to cycled specimens.

Figs. 13-20 and 13.21 show the rupture planes of a 45'-ply and

part of the adjacent ply beneath it. In the non-cycled specimen

many specks of the resin are still attached to zhe tibe± s over the

entire extent of the microphotograph, whereas the rupture plane

of the cycled specimen is much smoother. At higher magnification

(Figs. 13.22 and 13.24) the resin particles are seen to still

firmly alhere to the fibers. In Figs. 13.23 and 13.25 the sur-

faces of the fibers and their impressions in the matrix material

appear quite smooth. The matrix has a rather flat topography and

is more finely grained, which is indicative of embrittlement.
This observtion Is supported by Figs. 13.26 and 13.27 which show

a higher number of fiber breaks and a stronger inclination of the

fiber failure plane at the cycled specimen. Corresponding macro-

mechanical tests described in Section 10 support the soundness of

this contention.

It is also of significance that the fracture surfaces of the

cycled specimens have a rather flat topography and display crack

patterns with smaller crack distances than those of the

non-cycled specimens (Figs. 13.28 through 13.31) which may be

interpreted as embrittlement of the resin due to the postcuring

effect of the thermal cycling. A tendency toward embrittlement of

the matrix and a weakening of the fiber-matrix interface was not-

ed also in the other epoxy-systems referred to in Section 10. In

the case of the polyimide-system, however, no degradation of the

interface is evident from a comparison of the fracture surfaces

of non-cycled and cycled specimens shown in Figs. 13.32 and
13.34, and in Figs. 13.33 and 13.35, respectively. An evaluation

.1
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of Figs. 13.36 and 13.37, on the other hand, points to a state of

embrittlement in the polyimide-matrix on account of the high num-

ber of matrix cracks in the thermally cycled specimen.

13.4.2 Influence of Curing Cycle Variation

The study was motivated by the suspicion that modest changes of

the curing cycle might influence the fracture surfaces of test

specimens and camouflage the effect of those parameters whose

identification is being attempted. In order to assess the signif-

icance of the issue, the tests commenced with J±45 s-laminates

laid up from Fiberdux 914C/'T300 prepregs and cured with the fol-

lowing substantially different cycles:

* H1 = 1. 50 C/min to 170'C + 4 hrs at 170'C

* H2 = H + 4 hrs at 190"C
• H3 = H2 + 4 hrs at 240'C

H 4 F 3 + 2 hrs at 6 0 'C

It should be noted that H2 is the curi g cycle recommended by the
prepreg producer, and that the results of preliminary interlami-

nar shear tests conducted with specimens from all curing cycles

were, in accordance with Fig. 13.38, indeed the highest for the

H2 -cycle.

The fracture surfaces of specimens tensile-loaded to failure

indicated subtle distinctions. Figs. 13.39 through 13.42 show

microphotographs typical of the four curing cycles at a magni-

fication of 775. It is apparent that the H2 -cycle produced the

most uniform fracture pattern. At a magnification of 3 100

(Fig.13.43 through 13.46) certain differences in the microstruc-

ture of the epoxy resin are recognizable which become more

obvious at still higher magnification (Figs. 13.47 through

13.50). In comparison to the H2 -cycle, the sphere-shaped elements

of the microstructure in the HI-cycle are less pronounced, of

larger diameter and of a nonuniform distribution, while in the

H3 - and H 4-cycles the microstructure appears molten and indis-

tinct. Apparently the optimal formation of a spherical

microstructure correlates with an optimal strength of the epoxy

matrix.
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69/T300 material exhibited phenomenologically similar trends.

However, from the texture of the fracture surfaces as well as from

the number and the inclination of the fiber breaks it may be

deduced that the adhesive properties of this fiber-matrix system

are somewhat superior to the Fiberdux 914C/T300 system

(Figs. 13.68 through 13.73).

13.5 Investigation of Dynamically Loaded Laminates

The fracture surfaces of a large number of Fiberdux 9!4C/T300

laminates with stacking orders of [!1518, 1±30]8 , [±4518 and

(0.±45,901s were microscopically investigated after cyclic load-

ing at different stress levels and different numbers of cycles.

All test specimens were dry and were tested at two different tem-

peratures.

Macroscopically the fracture surfaces were always of a very rough

appearance. The microscopic interpretation depended much on the

location of the investigated segment within the normally splin-

tered fracture surface but led to no consistent diagnosis. Equal-

ly unsuccessful was the attempt to discover the anticipated

growth bands in the matrix material.

Despite the rather comprehensive test program a systematic clas-

sification of the effects of temperature, number of cycles and

stress level could not yet be accomplished. The major problem is

the unknown interplay of chronological and geometric occurrances

at the point of damage growth which cannot be separated by post

mortem analyses.

A certain trend was observed in the case of the angle-ply lami-

nates where at the free edges a weakening of the fiber-matrix

adhesion, and at the center of the specimen a grinding of the

matrix material seems to take place, but this point is made with

considerable reservation.

13.6 Characteristic Values in Micromechanics

It would, of course, be desirable to identify the micromechanical
failure phenomena in terms of characteristic values and to corre-

late those with macromechanical data. In viiw of the complexity
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and the stochastic nature of the problem this will only be possi-

ble in selected cases. For the characterization of the

fiber-matrix adhesion, for example, the mean length of the

pulled-out fibers may serve that purpose. First attempts in this

direction were made with Fiberdux 914C/T300 laminates with a

stacking order of 1O,90s. 1.25 mm wide segments of the fracture

surface of a O-ply were magnified and photographed for a subse-

quent measure of the fiberends protruding from the matrix. The

mean value of a large number of measurements of pul led-out fibers

was then displayed graphically as a function of test temperature

and moisture content of the test specimens. Fig. 13.74 indicates

a distincr dopend,,ice of the mean length of the pulled-out fibers

on both parameters. A comparison with the macroscopic strecith
Properties given in Fig. 13.75 shows a remarkably good corre-

latic, considerinq that diminishing strength implies inc- inq

fiber pcull-ou.t lengths.
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Heating rate 40C/min

up to 170'C

4h constant 1700C

Fig. 13.11

Heating rate 0,80 C/min

up to 170 0 C

4h constant 170 0 C

Fig. 13.12

Heating rate 20 C/min
up to 1200C

3h constant 120 0 C,

20C/min up to 170'C

4h constant 170 0 C

Fig. 13.13

Epoxy resin BSL 914. Fracture surfaces of tensile test specimens

with different curing cycles.

J" ~~A k. . m |
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4 Heating rate 4*C/min

up) to 170 0C

4h constant 170 0C

Heating rate 20 BC/min

up to 120WC

4h constant 120W,

upCmi up t2o 10

4h constant 170'C

Epoxy resin BSL 914. Fracture surfaces of tensile test specimens

with different curing cycles.
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Heatina rate 4C/mi

un to 1700C

-4h constant 170'C

Fig. 13.17

Heating rate 0,8 0C/minup to 170°C

14h constant 170'C

Fig. 13.18

Heating rate 2
0C/min

up to 120oC

3h constant 120*C,

20C/min up to 170*C

4h constant 1700C

Fig. 13.19

Epoxy resin BSL 914. Fracture surfaces of tensile test specimens

with different curing cycles.
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T = -55'C

~Fig. 13-51

T =23°C

F ig. 1 .52

T = 120'C

Fig. 13.53

Fracture surfaces of 914C/T300 laminates [00, ±45, -§00

Tensile loading parallel to 00-layer. View onto the

90*-layer. Completely dry specimens, tested at different

temperatures.
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- T -55'C

rO4

Fig. 1.54

Fracure urfces f 94C/T00 amintes[o=.~45, yo]13

Fr'aeMiture s aturated specCT3 ainaes (at, ±43% r.H.)]

tested at different temperatures.
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A1Fig. 13-56

T 230C

Fracture surfaces Of 914C/T300) 
laminates [030, 1450, 701 s

Tensile loading parallel to 0*-Iayer. View onto 
the

+450 -layer. Completely dry. 
specimens tested at different

temperatures.
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Fig. 13.59

T =23'C

Fig. 13.60

T 120'C

Fracture surfaces of 914C/T3OO laminates LO', -W 7001 s

Tensile loading parallel to O0-layer. View onto the +45
0-layer.

Moisture saturated specimens (at 93% r.H.) tested at different

temperatures.
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T =-55
0 c

13-6

_ T 23 0C

Fig. 13.63

T 120'0C

Fig. 13.64

Fracture surfaces of unidirectional 914C/T300 laminates.
Tensile loading transverse to fiber direction. Completely
dry specimens tested at different temperaturcs.
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T -55'C

- --:--,--Mi.- -7 =

Fig. 13.66

T 120C

-SAN Fig. 13.67

Fracture surfaces of unidirectional 9 4C/T300 laminates

Tensile loading transverse to fiber direction. Moisture

saturated specimens (at 93% r.H-.) * tested at different

temperatures.
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T =-55'C

_Fig. 13.68

T 23'C

L Fig. 13.69

T =120
0 C

__ __ __ig. 13.70
Fracture surfaces of unidirectional Ccle 'T300 laminates.

Tensile loading transverse to fiber directi. Completely

dry specimens tested at different temperatures.
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T =-55'C

_________ g. 13.71

T =23'C

Fig. 13.72

T =120'C

Fig. 13.73

Fracture surface of unidirectional Code c9/T3OC laminates.

Tensile loadina transverse to fiber direction. Moisture

saturated specimens (at 93% r.H.), tcsted at different

temperatures.
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Fig. 13.74 Mean length of fiber pull-out 1 11 of 914C/T300-laminates

10*, 90'] S as a function of test temperature and material

moisture content.
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14. FRACTURE MECHANICS ASPECTS

14.1 Summary

The principles of linear fracture mechanics were originally

developed to describe the initiation and progression of cracks in

isotropic and homogeneous materials. These principles cannot be

applied directly to fiber-reinforced laminate because here,

instead of a single crack, a damaged zone develops in which the

laminate progressively deteriorates. Fissuring and meandering

cracks extending through the thickness of the material form only

shortly before ultimate failure, i.e., after the useful life of

the laminate. From this premise arises the need for the develop-

ment of a n-w discipline - damage mechanics - capable of

describing the behavior of damaged zones in fiber-reinforced

structures prior to ultimate failure. Generally accepted con-

cepts of damage mechanics are still rare. Known to some extent are

individual mechanisms of damage progression but their contrib-

utions, single or in combination, to the total state of damage are

not well understood. Current research efforts, the efore, are

directed toward the definition of characteristic strength param-

eters for carbon-fiber-reinforced resins by a combination of

analysis and test.

14.2 Limits of Fracture Mechanics

From the microstructural point of view, metals consist of assem-

blies of crystals. Their deformation and fracture character-

istics are essentially dependent on the properties of the

individual crystals and on their lattice structures, whose nor.-

mally regular configurations may be disturbed by inclusions and

grain boundaries. Under increasing loads the resulting stress

concentrations lead first to dislocations and, subsequently, to

microcracks oriented perpendicular to the maximum principal

stresses. As the number of microcracks increases they tend to

merge and may form an arbitrarily oriented macrocrack. The mathe-

matical treatment of the crack progression is relatively simple

because the minute dimensions of the metallic microstructures
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justify the assumptions of homogeneity and isotropy. On that

basis the principles of linear fracture mechanics have been

developed.

In contrast to metals, fiber-reinforced resins behave quite dif-

ferently. In unidirectional on-axis laminates the microcracks in

the resin lead to matrix cracks which, because of the low trans-

verse strength of the laminate, are always oriented in the direc-

tion of the fibers. Rupture of individual fibers takes place in

increasing numbers only shortly before laminate failure and is

not considered here. The fiber dimensions are small relative to

the laminate thickness, warrant in the assumptions of distrib-

uted homogeneity and of orthotropy and, on that basis the

applicability of linear fracture mechanics with correspondingly

high mathematical and numerical effort.

In mliltidirectional laminates such a simplified approach is not

feasible since the development of damage depends not only on the

material properties and the stress level but also on the stacking

order of the laminate. The propaqation of cracks initiating in

one of the plies is impeded by adjacent plies with different fiboc

orientations, resulting in a pattern of many small cracks instead

of a massive single crack. The superposition of the crack pat-

terns in all of the plies leads to the concept of a damaged zone

which grows with increasing load intensity as depicted by the
radiographic records in Fig. 12.1. At high load levels neighbor-

ing plies disconnect locally and form delaminations.

Whether the precepts of classical fracture mechanics can be modi-

fied or expanded to adequately predict the response of notched

multidirectional laminates is a point of continued debate. The

simplistic approach of modelling multidirectional laminates as

homogeneous orthotropic materials, for instance, defaults

because of three major difficulties.

The first is the concept of stress singularities underlying con-

ventional fracture mechanics. Whereas metals may be considered as

homogeneous down to dimensions of order 10- 5cm, fiber-reinforced

resins are homogeneous only down to dimensions of order 102 cm.

Consequently, a continuum analysis which treats multidirectional
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laminates as homogeneous and anisotropic materials begins to lose

relevance for any characteristic dimension approaching 10- 2cm.

In other words, it is meaningless to use elasticity solutions to
model fracture phenomena located within 10-2 cm of the crack tip.

Since the local stresses around a crack tip are proportional to

VaTr (a, r being the crack length and the distance from the crack
tip, respectively), a 1 cm long crack in metals leads to stress
intensity factor of over 300 at r=lO-5cm, whereas in composites
with the same crack length the highest meaningful calculable

stress intensity factor is only 10 at r=10- 2cm. The former may be
considered as infinite for practical purposes, but the latter is
not higher than frequently encountered in structural applica-

tions.

The second difficulty is the modelling of the size effect of the
defect in a composite. Cracks of practical concern in metals are
several orders of magnitude larger than the size of a typical het-
erogeneity, whereas in composites they may be of the same magni-
tude as the heterogeneity. This leads to the need of treating size

effects differently than in standard continuum mechanics pred-
ictions.

The third and the most severe difficulty is the inabiltity of

classical fracture mechanics to model fracture processes which
have more than a single degree of freedom, as in biaxial loading.
Candidate models which address this specific aspect, such as the

strain energy density function or the critical volume for stress
and strength vectors, have not yet been convincingly validated.

14.3 Concepts of Damage Mechanics

For the comprehensive treatment of failure modes and fracture
processes in fiber-reinforced laminates the Institute for Struc-
tural Mechanics has introduced the term damage mechanics, whose
concepts by intent and purpose are analogous to those of fracture
mechanics of metals. In comparison, however, the issues of damage
mechanics are considerably more complex partly because of the
irhomogeneous and anisotropic nature of fiber-reinfored materi-
als, and partly because of the large variety of potential failure
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modes in the tension and also compression regime. On account of
this complexity, a combined empirical-analytical approach to the
establishment of valid accept reject repair criteria for indus-
trial composite applications seemed most appropriate. On this
premise, the Institute for Structural Mechanics has developed a
damage mechanics program which is outlined in Figs. 14.1, 14.2
and 14.3.

Accordingly, much emphasis is placed on the detection and precise
identification of potential damages by nondestructive evaluation
of the laminates. The objective is not the generation of new tech-

niques for industrial application but rather extreme accuracy for
the monitoring of the rate of progression of different kinds of
damages in thin laminates.

The major portion of the research work is concerned with the
effects of such damages on the load-carrying capabilities of test
specimens subjected to increasing static loads or numbers of load
cycles. The test specimens are flat laminates made of T300/914C,

T300/Code 69 and T300/F550 material with stacking orders typical
of aircraft skin covers, chords and webs. A large portion of the
test specimens contain artificially introduced damages such as
delaminations, notches and cracks. The test program encompasses
the application of static and fatigue loads under realistic envi-
ronmental conditions. The large number of test results allows a
comparison of initial and residual material properties, the
determination of tolerance levels below which various kinds of
damages can be safely ignored, and the rate of progression of dam-
ages exceeding the tolerance levels.

In parallel with the empirical investigations, the development of
analytical tools is pursued in order to gain insight into the
mechanisms of damage progression. The short-term objective of
these efforts is the assessment of the three deminsional stress
field in the vicinity of discontinuities in multidirectional lam-
inates which currently defy determination both analytically and
empirically. Emphasis is placed on the solution of matrix cracks
in the 900-plies of a multidirectional laminate and on delami-
nations between adjacent plies. These special cases can be
addressed on the basis of linear fracture mechanics using nonlin-

AI i
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ear geometric and constitutive relationships. In a subsequent

step it must be decided how the knowledge thus gained can be

incorporated into a more general treatment of damage progression.

It is envisioned to conduct the related numerical calculations

with the specially developed computer program LAMINA described in

Section 5.

The long-term objective, of course, is the establishment of

hypotheses of damage accumulation from which conclusions can be

drawn for the remaining service life of damaged laminates. Since

the combined empirical and analytical investigations will only

lead to an understanding of flat laminates under uniaxial loading

conditions, necessary sequels for the desired formulation of

quantitative accept/reject/repair criteria would be an extension

of these investigations to biaxial loading conditions and a ver-

ification of the conclusions on actual structural components.

!A



14-6

14.4 References

[1] Libowitz, H. Fracture, an advanced treatise.

London, Academic Press, 1968, Vol. I - 6.

12] Sih, G.C. On cracks in rectilimearly anisotropic

Povis, P.C. bodies.

Irwin, G.R. Int. J. Fracture Mech., 1 (1965),

pp. 189 - 203. pp. 18 9 -2 0 3 .

[31 Huth, H. Anwendung der Bruchmechanik bei Faserver-

bundwerkstoffen.

LBF-Bericht Nr. 3396 (1978).

[4J Dharan, C.K.H. Fracture mechanics of composite materials.

J. Eng. Material and Technique,

100 (1978), p. 233.

[41 Kanninen, M.F. A critical look at current applications of

Rybicki, E.F. fracture mechanics to failure of fiber-

Brinson, H.F. reinforced composites.

Composites 8 (1977), pp. 17 - 22.

[6] Kanninen, M.F. Preliminary development of a fundamental

Rybicki, E.F. analysis model for crack growth in a fiber-

Griffith, W.I. reinforced composite material.

Testing and Design (4. Conference),

ASTM STP 617 (1977), pp. 53.-69.

[7] Eggers, H. Beitraege zum Verhalten kohlefaserver-

staerkter Verbundstrukturen.

DFVLR-Mitteilung 83-13, S. 191 - 264.

[8] Eggers, H. Schadensmechanik von faserverstaerkten

Verbundstrukturen.

DFVLR-Mitteilung 81-2S, S. 167 - 196.



14-7

18] Eggers, H. Effektive Substrukturtechnik fuer finite

Elemente, Anwendung auf nichtlineare Probleme.

Vortrag auf dem Strukturmechanischen Kollo-

quium 1984 in Braunschweig. Erscheint als

DFVLR-Mitteilung.

19) Wang, A.S.D. Fracture mechanics of sublaminate cracks

in composite laminates.

AGARD-Structurals and Materials Specialists

Meeting, April 10 - 15, 1983, London, UK.



14-8

u

C CD

F- C
-i Y-

a-tr a C,
NI 0

wc

a) )

CEE

cac o 8

LLU

00

o; 0, L)

u Ul

c~ Z- 4U~~CC

CC.C

-C

o J
CC
CU



14-9

U? a

ci 0

E U)

C, E 2E O

- LL

0 cC E

00

0 z

cia,

ci 00-

a) U)
c E oci'aC

a, a

0)) Z, C

a, ci E vCI

-L 0-) ~ ci.

a)CU u
*ci Loa,

c 
ci

-Jc



14-10

oCE

00

4,,

0 ,
0 21 1 a

T C- )

aC

0

1(-4

a>>
ca,

E0 a,'

Ea
0 U

Ccf



15-1

15. EVALUATION OF FRACTURE MODELS

15.1 Summary

For the prediction of the fracture behavior of notched composite

laminates, several simplified fracture models have been proposed

in recent years. Most of these models extend linear elastic frac-

ture mechanics from metals to composites and do not attempt to

address the micromechanical complexities in the crack extension

process. Rather, they assume a self-similar crack-extension, and

the actual crack tip damage zone size is represented by an 'effec-

tive' damage zone size defined as a material parameter to be

obtained experimentally. All of the fracture models assume these

experiment ally determined parameters to be material constants,

whereas, in reality, they depend on, e.g. stacking order, con-

stituent properties and fabrication technique as well as on type

of loading, specimen geometry and environmental conditions. Con-

sequently, the parameters established for a particular condition

are not generally valid and are not transferrable from case to

case.

A specific application of any of the investigated fracture models

will require a series of independent tests whose number depends

on the selected fracture model and on the level of desired accura-

cy. Since these tests are tailored to the problem under investi-

gation they normally lead to good agreement between the

predictions of a particular model and the actual strength of the

notched laminates. Most of the models, therefore, are of consid-

erable pragmatic importance even though they do not address the

specific failure modes associated with fracture of a given lami-

nate. In order to assess the range of applicability and the

accuracy of the more commonly used fracture models, a comprehen-

sive review was conducted [15. 1] regarding the notch sensitivity

of composite laminates containing centrally located holes and

straight cracks, and being subjected to uniaxial loading. The

objective of the review was a detailed evaluation of eleven dif-

ferent fracture models against a large amount of published test

data. All of the collected experimental notched strength parame-

ters were then compared with the predictions from each of the

fracture models.

,-~- A , '
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The subject is discussed in more detail in Appendix H "Notched

Strength of Composite Laminates".

15.2 Discussion of Relevant Fracture Models

During the past decade a series of fracture models have been pub-

lished in the open literature of which the following have been

selected for a comprehensive review:

1. M.E. Waddoups, J.R. Eisenmann and B.E. Kaminski [15.2],

abbreviated here as the WEK-fracture model. Two models were

formulated:

a. for laminates containing circular holes, and

b. for laminates containing straight cracks.

2. J.M. Whitney and R.Y. Nuismer [15.3, 15.4], abbreviated as

the WN-fracture model. Two failure criteria were formulated,

i.e. "point-stress" and "average-stress" criteria. Both cri-

teria were formulated for laminates containing holes and

straight cracks.

3. R.F. Karlak [15.5], abbreviated as the K-fracture model, mod-
ified the WN-"point-stress" criterion for laminates contain-

ing circular holes.

4. R.B. Pipes, R.C. Wetherhold, and J.W. Gillespie, Jr. [15.6,

15.7, 15.81, abbreviated as the PWG-fracture model, modified

the WN "point-stress" criterion for laminates containing

circular holes, and for laminates containing straight

cracks.

5. J.W. Mar and K.Y. Lin [15.91, abbreviated as the ML-fracture

model, applied to laminates containing both circular holes

and straight cracks of various shapes.

6. C.C. Poe and J.A. Sova [15.101, abbreviated here as the

PS-fracture model, applied to laminates containing straight

cracks.
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The application of these modelF for the predjiction of the notched

strength of comnosite laminates containing ci rcular holes and

straiqht cracks requires that certain parameters associated with

each fracture model be known a priory. These par ameters can be

determined from preliminary experimcints on niotched iminates,

and the niumber of tests that must be condlucted depends upon the

mode itselIf and Uhm level of a, ccuracy iequired. Conrequntl y,

these vmdu*s ca' he cnsidred as ;emi-empi rical tracuite models,

and it ,w hn-I be ewec td that they would all com,.pare favorably

witoh~ Unct-ual y 'rimenra] results. The only mod3e! that might

be api- withoe r pre 1 'rnw iy teat ing ic the S-faet model,

and the only *u I di nw tht the "gaeieol trtzttr 7!o1)mess

parmir ' ,on In' bce cou aidtered sufficicurly qeneral as to

beccrn=tt toz all 1 l-. alO Pytn andi latinat, cr.: aino icn .

Tlost -4 Z., I--I (WEE orN l K W' andor~ rn ,I," ol oe bd

upon)r Mie rmi i-n o"a -harmcteri etic.dtto aI -v- ii of 'hie

notch ticj at -i ot e i 'sue of whhatp or not thiF par-ameter

is a 7atero -l -rnsta i hais been addressed in dtai I by Farh of

these~ tr.-eytiosnc' and by tomern other apo o~aIuet

gatios as well. FxAustive studiep have been cond-ucted in regard

to this asu]ecot.

The first two models (WEIK and WN) assumed that this parameter is a

material constant, and Whitney and Nuismer even hypothesized that

it might be independent of material system and/or laminate con-

figuration. Manly exoerimental investigations subsequently

attempted to apply the values of the characteristic di stances

determinedl by Whitney and Nuismer for certain material systems to

the expeiimental data of different material systems and laminate

configucations, however with mixed results. The correlation

between the fracture models and the experimental notched strength

data reviewed in this report will demonstrate that the character-

istic distances depend strongly on material system and laminate

configuration and possibly on other parameters as well, such as

loading procedures, environment, fabrication procedures, etc.

However, for a given type of laminate, most of the experimental

results indicate that these characteristic distances are inde-

pendent of notch size.
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Several investigators, however, have concluded that the charac-

t4- stic distances cannot ev7en be considered as mater)ial parame-

tri.e. they also depend on notch size. Consequently, the

WII-fracture modelIs have been modified and an exponential

r-lationship between the characteristic di stances and thE notch

ai~has been proposed (Pand PWG-fracture niDislo) . This assump-

t cn led to the introduction of tw-c adldition-al parameters, i.e.

the- notch sensi tivity factor and an exponentia.l p:-.rameter which

A!,, also to be determined empirically. It haF; I -n suioesto-td that

hneare material parome-tors-, h cw-ver they , a vary rigni f-

a -ant I i for di ffere-nt ma tel ia 1I xc~m and 1 am i nate

-~i i a t i ons. WhenP 1 th1.e r t nonr,, t pa, ratr- Ir -a 1r, do -te ,rm ined

f -rpreliminary testina, these prepased fra:tuii i,'cadol compare

fi-.--ally with all exrpocmentaql ryIs a 0 et been

r ' a cnealize theacp;e crr fri r~mcrna

Toda relative notch renrj -tj',v1ty pal1rt- a: taon intro-

-!i -A ~ which depends di r7t 1:, on the rat rh c-1- .1- fa-rnr and

e xponnntia 1 parasie ter, a ;d S rom whch c-I ito.at us iiat: ren -

; - ::ty of any i.enlaminat' ---in P'dtei-i~

Finally, a fracture n-del which does not tak a i 1to aCcunt such

characteristic di stance ahead of the not-cht,. h'nas been proposed

as well. This model (M'L-fracture model) devel-lr-d an exronential

relIationship between the notched sti enqth and the size of the

diF-continuity. The exponential parameter in this model can be

d-t-rmined analytically, dependingi only on the conf7tztuent elas-

tic properties; however, experimental resuilts indicate that it

may also depend on the laminate conficruration and stacking

sequence. Therefore, when this model is applie-d the exponential

parameter is also determined experimentally from testing of

zntched. laminates.

Clearly, all these models should agree with the experimental

results, however, the dependence of the various parameters on the

type of laminate is of interest. In this report, therefore, all

these models are compared with a large volume of notched strength

data and conclusions regarding the range of their applicability

are discussed.
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15.3 Survey of Experimental Data

In order to evaluate the applicability of the different
semi-empirical fracture models for predicting the notched

strength of composite laminates, the model predictions have to be

compared to a large volume of experimental results. Therefore, a

literature search has been conducted and published journal
papers, confe,.rnce proceedings, gove.nment reports, university

internal repor ts and dissertations have been reviewed. As

expecred, the.e have been numer-ous experimental investigations

during the lant decade into the fracture behavior of composite
laminatos cln 1 n a variety of discontinuities. The great

majorit> of Ihe iI 11-tigations dealt with the notched strength of
composmit- as ,'' i-}en cob o:ted to quasi-static uniaxial ten-

sile loldi 6! in a m-ie nt I crtpoature and moi!ature conditions.
Among ilih:e,r' . Io 0 it of the expel Iments were conducted on
laminat,,, : "ai 1>6 e1thel cent rally located ci cular holes or

ceniter cacks wi tth therr axis perpendicular to the loading direc-
tion. Othe, types of discontinuities were also studied, such as

double :nd FIgncle edge cracks, square holes (slots), circular
holes , th cy vkis Pmaiiatino from one or both sides of the hole,

straight cracrkn inclined tc the loading directions, etc. Rela-
tively limited data on fracture toughness of composite laminates

obtained from the classical tests, such as three-point bend spec-

imens or compact tension specimens, are reported in the

literature. Notched strength data from other loading functions

such as compression and post-fatigue, or under different environ-

mental conditions of temperature and moisture are quite limited.

Many jnvestigations were concerned with the applicability of the
various fracture models and discussed their correlation with

experimental eslilts obtained on notched strength. However, in

most crans, crmarisons were made with selected models only, pri-
marily the WEt and WN-fracture models, or else several sets of

experimental data were compared with a single fracture model. The

objnctive of this study was to obtain a comprehensive set of
exp-r mental results and compare them with a 1 the commonly used

fractulre models so that a more complete picture of the state of

the art> in fiacture mechanics of composite laminates could be

obtained-
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The current review centered on notched strength data for lami-
nates containing circular holes and straight cracks located at

the center of the specimen, and is limited to the case of

quasi-static uniaxial tensile loading. For these conditions, a

considerable amount of experimental data could be found in the

literature. Only selected publications were chosen for the pur-

pose of this review so that results would be representative of the

different material systems and laminate configurations and be

sufficiently numerous to allow an accurate assessment of the

effect(s) of these parameters on the notch sensitivity of compos-

ite laminates and an evaluation of the various material

parameters associated with the different fracture models pre-

sented in this report.

Several hundred data sets from notched strength tests were col-

lected and evaluated. Several of the data sets are inconsistent
which should be expected considering the complex nature of the

subject matter and the fact that each investigator studied a dif-

ferent combination of material system, laminate configuration,

type of discontinuity, fabrication procedure and testing proce-

dure.

15.4 Correlation between Notch-Sensitivity and Fracture Model Parameters

The reviewed fracture models utilize a variety of parameters

which must be determined experimentally. In all the models it is

assumed that these parameters are constant, i.e. independent of

notch size, and are to be considered as material parameters. It is

of interest to identify which of these parameters can be corre-

lated to the notch sensitivity of composite laminates containing

circular holes and straight cracks. For this purpose, the ratio

of notched to unnotched strength (a;/ao) at a specific hole size
has been recorded from the data such as those listed in Fig. 15.1

and correlated with the various parameters associated with the

different fracture models. The correlation between aN/O ° and

various other parameters for a graphite/epoxy laminate with

2R/W=0.25, typically, is shown in Figs. 15.2 through 15.11. Each
point in these figures represents a set of notched strength data

as shown, for example, in Fig. 15.1. Consequently, these figures
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combine all the sets of notched strength data reviewed, irrespec-

tive of material system, constituents properties, fabrication

procedures, laminate configuration, stacking sequence, specimen

geometry, loading procedure, etc. Thus, significant scatter

exists in the values of all the parameters and it is emphasized

that conclusions regarding the presence or absence of correlation

can only be qualitative, i.e. restricted to the specific specimen

geometry, loading function, etc. which are analyzed in this

study. It should be noted that although the results shown in
Figs. 15.2 through 15.10 are for a specific notch size, similar

figures and correlations are obtained for all other notch sizes.

Evaluating the test data against the different fracture models,
the following observations can be made:

1. WEK-fracture model: A correlation exists between notch sensi-

tivity and a The smaller ac is, the more notch sensitive the
subject material (Fig. 15.2).

2. WN-fracture model: A correlation exists between notch sensi-

tivity and d (Fig. 15.3) and ao(Fig. 15.4). The smaller the

characteristic distances are, the more notch sensitive the

subject material.

3. K-fracture model: No correlation could be found between the

notch sensitivity and k0 '

4. PWG-Fraetuire model: No correlation could be found between
notch sensitivity and the exponential parameter, m

(Fig. 15.5), the notch sensitivity factor, c (Fig. 15.6), the

notch shift parameter, ac (Fig. 15.7), and the notch sensi-

tivity factor, am (Fig. 15.8).

5. ML-Fracture model: No correlation could be found between the

exponential parameter, n, and notch sensitivity (Fig. 15.9)

with most values for n lying between 0.1 to 0.4. Neither could
a correlation be found between the composite fracture tough-

ness, Hc/0o, and notch sensitivity (Fig. 15.10).

Finally, another aspect deserves discussion, viz. the effect of

model parameters selection on predictions. Many studies address
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whether the constants associated with the different fracture mod-

els are independent of either material system or laminate config-

uration. The results shown previously clearly indicate that all

the constants strongly depend on laminate configuration as well

as other factors such as fabrication procedures, fiber

properties, etc.. Consequently, the applicability of a given

fracture model parameter is restricted to the specific set of

data for which it has been determined. Fig. 15.11 shows represen-

tative notched strength data of a [02± 4 5 ]s laminate compared with

the WN-fracture model using relatively small and large values of

d and a within the range of values listed previously. The char-

acteristic distances, d0 and a., of the 102/±451s laminate have

intermediate values. The comparison clearly indicates the degree

of error which can result by choosing arbitrary values for d0 and

a and applying them to all laminate configurations of a given

material system.
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GR/EP SP-286T300 10/+45/-45/90]S 15039H.064

2R 2R/W STRENGTH STRENGTH
[mm] [MPaJ RATIO

0.00 0.00 502.0 1.000
0.20 0.00 491.5 0.979
0.40 0.00 434.0 0.865
0.40 0.00 463.0 0.922
1.60 0.01 387.9 0.773
1.60 0.01 380.9 0.759
4.80 0.04 285.6 0.570
4.80 0.04 308.5 0.615
6.40 0.05 281.3 0.562
6.40 0.05 270.3 0.540

12.70 0.10 260.2 0.524
12.70 0.10 244.4 0.492
19.10 0.15 213.6 0.436
19.10 0.15 237.0 0.484
25.40 0.20 199.7 0.416
25.40 0.20 218.8 0.456

GR/EP SP-286T300 10/0/+45/-45]S 15052H.064

2R 2R/W STRENGTH STRENGTH
[mm] IMPal RATIO

0.00 0.00 802.0 1.000
6.40 0.05 640.3 0.800
6.40 0.05 598.4 0.748
6.40 0.05 412.9 0.516
12.70 0.10 480.8 0.606
12.70 0.10 461.0 0.581
12.70 0.10 409.6 0.516
19.10 0.15 387.2 0.495
19.10 0.15 403.7 0.516
19.10 0.15 353.1 0.451
25.40 0.20 379.2 0.495
25.40 0.20 359.2 0.469
25.40 0.20 425.2 0.555

Fig. 15.1 Typical notched strength data
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16. MECHANISMS OF FRACTURE

16.1 Summary

In contrast to metals where fracture under static or fatigue

loads results from the nucleation and growth of a single dominant

flaw, the fracture of fiber-reinforced composites is character-

ized by initiation and progression of multiple failures of dif-

ferent modes such as matrix cracks, interfacial debonding, fiber

breaks and delaminations between adjacent plies of the laminates.
The kinjafs -f occir inug failures, their distribution, time sequence

and rosoible interactions depend on many parameters such as the

properties of 'he fiber/matrix system, the stacking order and

curing process, the influence of the environment, etc. T11- prob-
lem is further complicated by the possibility of fatigue fai lure

in the compressive as well as in the tensile load regime, and by

different failure modes under static and dynamic Toad applica-

tions. [16.11. In order to gain insight into the mechanisms of
the failure processes, the development of fatigue' damage in

unnotched multidirectional laminates was investigat I under both

tension and compression cycling. During and after fatigue loading

specimens were examined for damage growth using light microscopy,

scanning electron microscopy, ultrasonic C-scans and

x-radiography. Matrix cracking and edge delaminations were found

to be the dominant types of defects. Under fatigue loading these

defects propagated due to unfavorable interlaminar stresses to

the point where the specimens ultimately failed by short buckling

or shearing. The test effort was accompanied by finite-element

calculations for the assessment of the state of stress in crit-

ical zones. A damage growth model was developed for edge

delaminations which correlates well with the test results.

Appendix I "Growth of Delaminations under Fatigue Loading" and

Appendix K "Zur Auswahl eines CFK-Mehrschizhtenverbundes f(Ir

Versuche im Zugbereich" provide further details of this research

topic.

I
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16.2 Introduction.

Close observation of unnotched specimens tested under cyclic ten-

sion loads indicates that the progression of events follows a

more or less distinct pattern. The first discernable damage usu-

ally are microcracks at certain intervals in the crossplies of

the laminates. With increasing cycles more microcracks develop

which tend to turn at the interfaces with neighboring plies and to

form small delaminations both inside and, especially, at the free

edges of the laminate. Additional delaminations emanate from the

locations of fiber or fiber bundle breaks and lead to a damage

state depicted in Fig. 16.1.

With respect to colpressive loads, critical conditions may arise

in the presence of delaminations induced by preceding high ten-

sile loads, by lack of adhesion because of faulty manufacturing,

or because of impact damage. Under sufficiently high compressive

stresses the reduced stiffness of the separated sections will

encourage their buckling and thereby induce a state of stress at

the periphery of the delamination which tends to advance the

crack front. Continuation of load cycling then leads '.o damage

growth followed by massive separation and subsequent specimen

failure.

Accompanying the gradually increasing damage state is a notice-

able reduction of the overall laminate stiffness.[16.21. Depend-

ing on the stacking order, this reduction may be as pronounced as

shown in Fig. 16.2 for a matrix-controlled [±4512s-laminate, or

as subtle as in the case of the fiber-controlled

102 ,+45,0 2 ,-45,0,901s-laminate shown in Fig. 16.3. In both

instances, however, a particularly critical combination of local

failure modes develops finally which leads to a rapid deteri-

oration of the stiffness in only a few additional cycles and to

what is comonly referred to as "sudden death" of the specimen.

The sequence of the damage progression and the nature of the ulti-

mate failure of fiber-reinforced laminates were the objectives of

combined empirical and analytical investigations.
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16.3 Test Procedure

The majority of the tests was performed with specimens dimen-

sioned as shown in Fig. 16.4. The specimens were stored at 25'C

and 50% RH for 3 to 6 months prior to testing. All tests were con-

ducted on closed-loop servohydraulic testing machines. The

machines were controlled by digital process computers allowing

fast data acquisition and on-line monitoring of relevant test

parameters. Strain gages were mounted to the specimens; for d i-

placement measurements. For the measurement of transverse

contractions and of crack-opening displacements, magnetic-

field-dependent resistors (DFVLR-MDR-transdure1s) wer- used.
Special anti-buckling guides were designed for the lateral -up-

port of compression-loaded test specimens.

After prescribed static load steps or prescribed numb-is of load

cycles the specimens were removed from the testing); sachiines an)d

the extent of the growing delaminations were determined by ultra-

sonic scans. Dye-penetrant enhanced radiography was used to
observe the onset and propagation of cracks. An evaluation was

made of the topography of fracture surfaces by scanning electron

microscopy.

16.4 Microcracks

The normally used epoxy resins exhibit very limited strain capa-

bilities. In addition, the discrepant thermal expansions of the

fibers and the resins induce adverse prestresses as a result of
the curing process. Under these conditions the formation of

microcracks can be expected in those plies of a laminate which are
mechanically or thermally stressed beyond the critical strain

values of the resin (16.31. Typical examples of microcracks,

observed radiographically in the crossplies of (O,901 s-laminates
during a tension test, are shown in Fig. 16.5. Repeated exposures

to high mechanical loads or to low temperatures will aggravate

the state of damage. Fig. 16.6 shows that in [±451 2 s-specimens

subjected to thermal cycling between +900 C and -155 0 C the cracks

turn at the interfaces of adjacent plies and form local delami-

nations which tend to grow with increasing numbers of thermal

I
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cycles. It stands to reason that a similar effect occurs in speci-

mens subjected to sufficiently high mechanical load cycles.

Delaminations of this kind occur most severely along the free

edges but are likely to occur in the interior of the test speci-

mens as well.

16.5 Edge Delaminations

During static tension tests as well as in tension-tension
fatigue tests of [02/+45/02/-45/0/90]s-laminates similar types

of damages were observed. First, a few isolated transverse cracks

developed in the 90°-plies propagating in the transverse direc-
tion. With the formation of new cracks the average crack distance

decreased. This was followed almost immediately by the onset of

small delaminations along the tips of the transverse cracks as

seen in Fig. 16.7. During increasing static load or number of
cycles, the size of the initially discrete delaminations

increased and led to the interconnection with other

delaminations. The delaminations then grew rapidly and extended

eventually over the entire length of the specimen. No significant

differences were observed in this respect between static tension

tests and tension-tension fatigue tests.

In tension-compression fatigue tests delaminations appeared

between the 90- and 00 -plies as well as between the 45 ° - and

O°-plies as shown in Fig. 16.8. After 30 000 cycles at a stress

amplitude of 500 N/mm2 and R = -1, a delamination between the 0 -

and 900 -plies occurred with a crack opening size of about 0. 1 mm.

After unloading an opening size of about 0.02 mm remained because

of the prestresses induced in the curing process of the laminate.

Growth of transverse cracks and edge delaminations simultaneous-

ly could be observed by means of penetrant-enhanced X-radio-

graphy, requiring the interruption of the test and the removal of

the test specimen from the testing-machine. During monitoring of

the decreasing compressive and tensile stiffness under fatigue

load (R = -1) with type I-specimens the test was stopped and

x-radiographs were taken at defined levels of stiffness loss.

Fig. 16.9 shows the damage progression after a decrease of the
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compressive secant modulus to 80% and 70% of the initial value.

The transverse cracks form the characteristic pattern (CDS) and

the average crack-length corresponds to the delamination size in

the transverse direction. A view of the delamination at the

right-side edge shows the distribution of cracks in both

90'-plies and the development of the edge delamination over the

length of the specimen. In order to avoid an interruption of test-

ing for non-destructive evaluation, an indirect method of damage

growth measurement was developed. By means of the aforementioned

DFVLR-MDR-transducer the transverse displacement cm in the

thickness direction of the specimen, which is indicative of the

crack openinq displacement of the edge delaminlation, could be

measured on-lie during static and fatigue loading 116.41.

The displacement cm as a function of time is displayed under two

constant stress levels in Fig. 16.10. The static loading was spo-

radically interrupted by unloading-loading intervals for measur-

ing the opening displacements caused by the presence of the

curing stresses. The curves show that the residual displacements

grow to a more or less stationary value after approximately 160

min. A typical stress-displacement response during tension-ten-

sion fatigue test is plotted in Fig. 16.11. The display of the

displacement envelope in Fig. 16.12 shows an increase of both

amplitude and mean value as well as the onset of delamination

growth after about 2200 cycles. The delamination size was moni-

tored by C-scan and the distance between the crack tip of the

delamination and the edge of the specimen was established by SEM.

16.6 Stress Analysis

The delaminations of unnotched laminatcs are initiated by very

intense interlaminar stresses present at the free edges. A

quasi-three-dimensional finite element analysis was performed by

use of the FE-program ASKA in order to support quantitative pred-

ictions of onset and growth of the delaminations [16.5] [16.6].

Appendix K "Zur Auswahl eines CFK-Mehrschichtenverbundes ftr

Versuche im Zugbereich" provides further details of this research

topic.
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Because of its double-symmetry only one quarter of the section

needed to be analyzed. The model and its coordinate system are

shown in Fig. 16.13. Fig. 16.14 illustrates the distribution of

tensile stresses al in the individual layers, which are up to 40%

higher than the far field stress of 1000 N/mm2 without signif-

icant increase towards the free edge of the test specimen. Fig.

16. 15 shows the shear stress a1 2 within and between the layers.

Whereas the transverse stresses a22 and the shear stresses o2 3 are

going to zero at the edge, the peeling stress 033 in the 90'-layer

exhibit a stress peak between the 90' - and the O-layer as demon-

strated in Fig. 16.16. Similarly, the shear stresses o13 show

peaks at the edge in both directions as can be seen in Fig. 16. 17.

With the aid of these stress distributions the crack initiation

and the crack propagation during static and fatigue testing can

be explained. Calculations were also carried out for test speci-

mens with a delamination at the edge between the 9 0 '-plies

showing the peeling stress 033 and the shear stress o13 at the

crack tip to be of the same order compared with the corresponding

edge effect stresses.

Although a good correlation exists between these stress distrib-

utions, the deformation of the cross section and the observed

damage it is useful only for special cases of modelling damage

growth. An alternative approach was based on the yield stress

criterion and on the assumption of nonlinear stress-strain behav-

iour in a small plastic zone around the stress concentration. The

result is an equation for the delamination opening displacement

cm as a function of delamination size and axial stress, whose der-

ivation is given in Appendix I "Growth of Delamination under

Fatigue Loading".

The corresponding calculations of the delamination size as a

function of the displacement cm were compared with C-scans of

different delamination states and, additionally, with the meas-

urement of the delamination size by a scanning electron micro-

scope after sectioning the test specimen in the transverse

direction. In all cases the calculated delamination size agreed

very well with the observed size. A comparison between the meas-

ured stress-displacement curves of tension-tension fatigue,
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displayed in Fig. 16.11, and the calculated results at selected

different delamination states is shown in Fig. 16.18. The dashed

lines represent the calculated stress-displacement curves for

different sizes of delaminations, demonstrating the good corre-

lation between experimental and analytical results.

16.7 Fatigue and Residual Strength Model

It is well known that under quasi-static as well as compressive

fatigue loading, failure occurs by buckling or kinking of indi-

vidual fibers, fiber bundles or fiber layers due to insufficient

support by the matrix. The supporting effect is ieduced as the

delamination propagates, and the buckling of a portion of the

cross-section finally leads to the fractur-e of the remaining

cross-section. The delamination state of a multidirectional test

specimen containing 90'-plies has no significant influence on the

residual tensile strength or tensile fatigue. Contrari ly there is

a remarkable sensitivity to compressive loading. In all testa

performed under tension-corpression loading (R = -1), monitoring

of the last cycles before f acture showed the failure of the spec-

imen to occur during a compression cycle as shown in Fig. 16.3.

Therefore, an approach to the assessment of residual fatigue

strength was developed by correlating the delamination growth or

damage state, and the residual compressive strength. The growth

of the delamination can be compared with the growth of a crack

length given by the well known equation from fracture mechanics:

(1) =g .6a M
dN

where a is the delamination size, N the number of cycles, a a ref-

erence stress in the vicinity of the delamination crack tip and g,

K and m constants to be determined empirically. The number of

cycles Nd corresponding to the delamination size ad is given

after integration by;

(2) Nd =(all-M) - N:011 r 1 1 -m)g5
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It is now assumed that a critical delamination size a F causes the

failure of the test specimen. The derivation of this relation is

described in Appendix I:

(3) C'7 -- (I - _ ) A E

where a is the critical compressive stress, o the compressive

strength of the virginal specimen, A the cross section, h the

thickness of the delamination rtrips, E the modulus of the

non-delaminated and EI the modulus of the delaiinated cross sec-

tion. In the same way a critical domage size aR can be expressed

for the residual strength by:

(4) A E

where oR is the residual comp -ssji e otrPeuqth at a given number of

cycles NR , The damaae stao D i-n otallv c.an be formulated as a

function of the ratio NR and NF

(5) D~~

Substitu ion of NR and NF by Eqs. 2, 3, and 4 leads to

(6) D f-

This relation can be simplified in order to obtain a first

approach for the damage state:

(7) D __=

The validity of this formula was examined by comparison to

results of fatigue tests. Fig. 16.19 shows the S-N-curve and the

residual strength after tension-compression cyclic loading.

Whereas the residual tensile strength remains nearly constant

without significant changes, the residual compressive strength

diminishes continuously to the fatigue stress o F associated with

the number of cycles to failure, NF . Because of the scatter of the

test results equation (6) was expanded by correction terms to

) 0 + -(1-cc) (P GlOi
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where a = ai+a
a,= statistical scatter for a given failure probability

based on static strength;

a average damage of a virginal specimen with 50%

probability of failure;

= statistical scatter for a given probability of survival

based on the load cycles to failure.

The cor-esponding scatter distributions are displayed in Fig.

16.20 represented by curves of equal probability of survival of

90%, 50% and 10". The damage D to be determined in the residual
strength investigation was calculated from equation (5) and

entered into Fig, 22. Evaluation of test results determined the

exponent m to be approximately 0.45. Tc'king into account the

scattering of the tes:t results, Fig. 16.20 shows that the delami-

nation progress can be described by means of equations (3), (4)

ani (5) as a firu-t approach to a correlation between the delami-

nitlan a accnd the ' cidual compression strength.

16.8 Central Delaninations

Apart from the free edges of a laminate, delaminations may occur

in the central regions as a consequence of microcrack formation
and growth, or because of local lack of adhesion between adjacent
plies caused either by a processing fault or by impact damage dur-

ing service. The response of such delaminations under static and

cyclic loads is a major aspect of the damage mechanics program.

The introduction of delaminations in test specimens is possible
by the inclusion of an outgassing agent, by the imbedment of a

very thin teflon disk prior to curing, or by controlled impacting

after curing. The former has the advantage of providing a

well-defined geometry and location and was adopted for the major-

ity of the studies. Numerous tests have proven that the somewhat

blunted crack front does not significantly retard the eventual

growth of the delamination r16.71.

Fig. 16.21 shows, in terms of ultrasonic records, the progressive

growth of a delamination under a gradually increasing compressive



load in a standard test speairmn. Ih 0. 1 mis thick teflon disk was

placed between the 90'-plies at tho midp] ine of the specimen. Up

to approximately 85% of ultimate load the delamination is seen to

be stable and to then grow in the direction of the fibers of the

neighboring plies. The same kind of tcs.t specimen loaded in ten-

sion exhibits a very differe.t behavior. Fig.16.22 shows that,

while the central delamination r-p, )ain-1 1nchqned up to failure of

the specimen, edge delaminati:- Pcc -1 -rio the free boundaries

at approximately 80%/. of ultimato 1 I -. >i equently gradual-

ly increase. Fig. 16.23, fir-I !,.', i ' tm the response of a

test specimen under cyclic wn i a:: th P -1 and a stress level of

Ca. 50,%o/ of its static streni-'if' ' ' ,'.<le the first evi-

dence of central delam-i i i-m and onset of edge

delaminations is noticeahio, whfih (IVdll] lV increase in severi-

ty until failure after 141p , , .., 1"' 41,1 !,-,.23 also indicates

the formation and random di-t: itl" 0.-n i-) increasing number of

local delaminations, not to Im -,, v'' , "-t.tic loads.

Variations of the diametei :,f ' 1- ,- rinations or of their

location within the laminate a t ai . , "-, olbviously, will pro-

duce different results. Fi¢i. 1 .21 llra-riz-s some of the -Accu-

mulated test data which in117Tte that the size oi the

delaminations is less significant thin their location. A ready

explanation is the increasing t-nde ny of the thinner of the sep-

arated section to buckle outwards and to thereby aggravate the

state of stress at the perimeter of the de!amination.

16.9 Fiber Breaks and Fiber Dehonds

Observable also on an initially microscopic level are failure

modes such as fiber breaks and fiber debonds.

In highly stressed laminates fibers may rupture prematurely,

individually or in small bundles, because of their imperfect

shapes or imperfect alignment. Especially in fiber-controlled

stacking orders the resulting redistribution of stresses in the

vicinity of such discontinuities may initiate the type of local

failure modes which affect tho fracture behavior of the laminate.

Fig. 16.25 depicts the observation of the break of a fairly mas-

Y m a- , -
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sive fiber bundle by the grid-reflection technique as well as the

associated spalling and cracking of the affected zone.

The loss of adhesion between fiber and matrix is often referred to

as debonding. The cause may be a locally faulty surface

treatment, or the gradual deterioration of an initially good bond

by mechanically or thermally induced fatigue. An example of lat-

ter is given in Fig. 16,26, showing the fracture surfaces of ten-

sion-icaded specimens before and after severe thermal cycling.

While prior to cycling the many specks of resin adhering to the

fiber surfaces indicate a reasonably strong bond, the much

smoother surfaces after cycling seem to signal the loss of it. It

may be expected that similar degradations take place under
!techanical cycling. As a consequence of progressive debonding, a

gradual deterioration of the laminate stiffness might be

expected. Fig. 16.27 seems to lend credence to this argument
although it is not clear to what extent additional cracking con-

tributes to the stiffness degradation.
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Fig. 16.1 Matrix cracks in the crossplies and onset of delami-
nations both inside the specimen and on its free edges.
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235
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Fig. 16.4 Types of test specimen.
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Fig. 16.5 X-ray photograph of a cross-plied lawuinate
after static tension loading.
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Surface and Cross Section (30x)

Cross Section (400x)

Fig. 16.6 Damage state of thermally cycled
(±45' 12s-Specimen.
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a. Grid reflection showing the b. SEM~-photograph of the
discontinuity of the reflec- broken fiber bundle.

timn lines at the center of

the sample.

Fig. 16.25 Local failure of a fiber bundle in the outside
0*-layer observed by grid reflection method.
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Prior to Cycling 186x

. ..~ - ..

After 3480 Thermal Cycles 186x

Fig. 16.26 Typical fracture areas of 914 C-specimens before

and after thermal cycling.
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